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Abstract 
Oxidation and dross formation on molten aluminium is estimated to directly cause losses of tens of 
millions of dollars per annum to the Australian smelting industry. Although there has been 
significant study of molten aluminium oxidation over the past few decades,  the formation 
mechanisms are still not fully understood. There is also lack of reliable and useful kinetic data that 
can be applied to computational simulations of industrial melt handling processes involving the 
oxidation of either quiescent pools or turbulent transfers of molten aluminium. There is additional 
uncertainty in the literature relating to the physical processes underlying molten aluminium 
oxidation, and the microstructural evolution of the growing oxide film. Past oxidation studies have 
been confounded by the detrimental effect of the pre-existing oxide ubiquitously present on 
aluminium specimens. Recent studies conducted at The University of Queensland have indicated a 
way forward in this respect, with the development of an experimental technique that enables the 
melt surface to be skimmed free of pre-existing oxide prior to each oxidation experiment. This 
project is based on previous outcomes and expands on them to create new insights into the oxidative 
behaviour of molten aluminium in response to various key parameters, such as melt temperature  
and isothermal holding time. It also aims to resolve some ambiguities in the literature. 
Melts of commercial purity aluminium were isothermally held at various temperatures ranging from 
750°C to 900°C, and exposed to ambient air for times ranging up to ~20 h. The oxide grown on 
each melt was removed and treated to separate the oxide itself from the underlying aluminium 
metal, using a molten salt flux. The mass of oxide was then determined as a function of melt 
temperature and exposure time. These gravimetric experiments were complemented by 
morphological and microstructural characterization of grown oxide films, using scanning electron 
microscopy, transmission electron microscopy, and electron diffraction. These two approaches were 
combined to develop a simple kinetic model based on the parabolic rate law. 
The amount of oxide formed was found to be significantly lower than what has previously been 
reported, and was attributed to the removal of the pre-existing oxide. The amount of oxide that 
formed increased with increasing temperature, and the oxidation rate continuously decreased with 
increasing exposure time. These observations are consistent with diffusion-limited growth. 
Microstructural characterisation showed two stages of oxidation. In the early stage, nano-sized, 
planar, polyhedral crystallites of γ-alumina nucleate at the metal/oxide interface. In the later stage, 
flake-like γ-alumina crystallites were observed to grow outwards from the oxide/air interface. The 
time at which the second stage of growth became active decreased with increasing temperature, and  
the flake-like crystallites continued to increase in size with increasing exposure time. 
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Crystallographic texture was observed in such oxide films from all experimental conditions. This is 
attributed to the planar growth of the polyhedral γ-alumina crystallites along the metal/oxide 
interface, and to preferential growth of the flake-like γ-alumina crystallites that are laterally 
constrained by neighbouring crystallites. The qualitative findings of the microstructural 
characterisation were used to inform the quantitative gravimetric data and a temperature dependent 
parabolic oxidation algorithm was developed, of the form x = (kp  + C)1/2, where x is the mass of 
oxide per unit area, kp is the parabolic rate constant and C is a temperature dependent constant. The 
activation energy of the overall oxidation reaction was calculated to be 236 kJ/mol over the 
temperature range 750-900°C, but was unable to be correlated to a specific physical process due to 
a lack of available data for γ-alumina. 
The present work has validated and expanded on a technique for conducting gravimetric oxidation 
experiments that eliminates the detrimental effect of pre-existing oxide. Microstructural 
characterisation has clearly shown the microstructural evolution of oxide films specifically grown 
on pure molten aluminium, and resolved some of the surrounding uncertainty. The simple 
temperature dependent kinetic oxidation model that was developed from these approaches will be 
able to be applied to computational modelling of melt handling processes and solve real industrial 
problems.
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 1 Introduction 
Aluminium is an important light metal, used globally for a wide range of applications in large 
amounts, with annual global primary aluminium production estimated at approximately 50 Mt in 
2014 [1].  
Primary aluminium is produced via two separate industrial processes. The first is the Bayer process 
in which alumina, Al2O3, is extracted from the naturally occurring aluminium ore, bauxite. Bauxite 
is a mixture of aluminium hydroxides and oxyhydroxides, with other impurities including iron 
oxides and silicates [2]. The refined alumina produced from the Bayer process is then reduced to 
aluminium metal via the Hall-Héroult process. This involves dissolving alumina in a molten 
electrolyte, cryolite (Na3AlF6), at about 960°C [3], and then electrolytic reduction of the dissolved 
alumina by carbon, according to the following equation [4]: 
½ Al2O3 (dissolved) + ¾ C (s) = Al (l) + ¾ CO2 (g) Equation 1.1 
The pure liquid aluminium segregates to the bottom of the electrolytic reduction cell, is tapped off 
and transferred into a holding furnace, to await subsequent casting. 
The production of pure aluminium via these processes is highly energy intensive because 
aluminium oxide is thermodynamically very stable, relative to the pure metal. As a corollary, 
metallic aluminium is so reactive that, any time the molten metal is exposed to the atmosphere, it 
re-oxidises. Turbulent events in the processing and handling of molten aluminium expose fresh 
liquid surfaces to the atmosphere and result in an increase in the amount of metal lost to oxidation. 
During these turbulent events, the oxide layer that forms on the molten aluminium surface can 
become entrained in the melt and entrap molten metal (Figure 1.1). The resulting mass of entrained 
metal and oxide is called dross. 
Dross is typically mechanically removed by skimming from the melt surface before casting. The 
dross may be processed to recover some of the valuable metal, but at a cost. Oxidation and dross 
formation thus represent a waste of expended energy, which in turns means an unnecessary cost. 
Estimates of melt losses due to dross formation are in the order of up to 1% of total metal 
production. The Australian aluminium industry produced 1.87 Mt of primary aluminium in 2012 [6] 
which, using an estimate of 1%, equates to 18.7 kt of metal loss. Assuming a London Metal 
Exchange price of $AU 2300 per tonne [7], this equates to $43 million in losses. So there is a clear 
driver to minimise oxidation and dross formation. 
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Figure 1.1 Schematic diagram of entrainment of a surface oxide film on an aluminium alloy  melt. Reproduced 
from [5]. 
Primary aluminium production is very energy intensive, consuming ~210 GJ of energy per tonne of 
aluminium produced (from mining of bauxite through to final ingot production) [8]. In comparison, 
recycling aluminium and its alloys can use as little as ~5% of the energy required to produce 
primary aluminium [6, 9] and aluminium scrap can be remelted at a fraction of the expense of 
primary production [10], so there is a significant commercial and environmental incentive to recycle 
aluminium. As with primary production, there are also metal losses due to oxidation and dross 
formation during secondary production. 
Carbon dioxide is also produced directly from the reduction of alumina (Al2O3)  in primary 
aluminium production by the Hall-Héroult process, as shown in Equation 1.1 above. In Australia in 
2012, the most recent year for which data is available, these direct emissions were 1.86 tonnes of 
CO2 equivalent (CO2-e) per tonne of primary aluminium produced, while the indirect emissions 
associated with electricity generation for the energy-intensive primary production amounted to 13.5 
tonnes CO2-e per tonne of primary aluminium produced [6].0F1 Total greenhouse gas emissions 
amount to ~23 tonnes of CO2 equivalent from the mining of bauxite to the final ingot where black 
coal is the source of power generation [8]. 
There are, therefore, significant commercial and environmental motivations to improve the overall 
efficiency of aluminium production, through a better understanding and control of valuable metal 
loss to oxidation and dross formation. However, the methods typically used to study oxidation [11] 
are sensitive to the presence of pre-existing oxide on the feed material. This causes significant 
1 The emissions intensity depends on the type of electricity source used. Hydroelectric power generation, for example, 
produces fewer CO2 emissions than electricity generated from fossil fuel combustion. Power generated from natural gas 
produces fewer CO2 emissions than coal. 
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 problems for reproducibility, and limits the usefulness of the resulting data. In this work, the 
problem is addressed from three complementary approaches. 
The first approach involved conducting experimental oxidation studies using a technique that avoids 
the problems associated with pre-existing oxide. It was used to generate a set of gravimetric 
oxidation data for molten aluminium at various temperatures, exposed to ambient air for various 
lengths of time. In the second approach, samples of oxide films grown on aluminium melts were 
collected, and their morphology and microstructure were characterised using electron microscopy. 
The microstructural characterisation provided a qualitative description of the evolution of the oxide 
film growth. The understanding gained from these two approaches were then used to develop a 
simple kinetic oxidation model, in the form of a temperature dependent algorithm. It is expected 
that this algorithm can be used to aid the computational modelling efforts of other workers. 
This document reports the findings of the microstructural and kinetic study of molten aluminium  
oxidation, with a view to improving understanding of dross formation during primary aluminium 
production. Chapter 2 provides a broad discussion of the available relevant literature, to provide the 
reader with some context for the current work. The overall objectives of the study are described in 
Chapter 3. 
Chapter 4 provides a discussion of the methods and techniques used to carry out the experimental 
oxidation study, from the high temperature oxidation work, to specimen preparation and 
microstructural characterisation. 
The results and analyses of the experimental work are presented and discussed in Chapters 5-8. The 
findings of the gravimetric study of molten aluminium oxidation exposed to ambient air are 
discussed in Chapter 5. A discussion of the microstructural characterisation of oxide films grown on 
aluminium melts, using a range of approaches, is given in Chapter 6, to provide a conceptual 
description of the microstructural evolution of the oxide films over time. Chapter 7 describes a 
simple kinetic model of the oxidation behaviour, developed from both the gravimetric oxidation 
data, and an understanding of the oxide growth behaviour as revealed by the microstructural 
analysis. Chapter 8 brings together the main conclusions from the discussions of the previous 
chapters, and relates the findings back to the initial question of dross formation. 
The main conclusions resulting from this work are presented in Chapter 9, while Chapter 10 
provides suggestions for future work to address questions raised during the present work. 
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 2 Literature Review 
2.1 Introduction 
This chapter will provide a discussion of some of the relevant literature relating to molten 
aluminium oxidation, to provide context for the present work. 
Section 2.2 will describe the problem of oxidation and its significance in relation to dross formation 
during primary aluminium production, to give a broad overall picture of the issue. Section 2.3 will 
then start to discuss the more fundamental aspects of oxidation phenomena, by describing the 
physical structure of aluminium oxides, and how the oxides have been observed and described in 
the literature. 
Section 2.4 will address the kinetics of molten aluminium oxidation. It will start with a description 
of the oxidation rate laws that are commonly observed in the literature. This will be followed by 
discussion of some of the important oxidation studies in the literature, that are typically done on a 
small scale, under controlled conditions, where it will become apparent that the findings of 
oxidation studies are very sensitive to the specifics of the experimental techniques employed. This 
section will conclude with descriptions of larger scale oxidation studies that start to address the role 
that oxidation plays in the more specific phenomenon of dross formation. 
A brief review of relevant aspects of aluminium recycling will be given in section 2.5, with an 
emphasis on the interactions of salt flux and molten metal. While not directly related to the topic of 
oxidation and dross formation in primary aluminium production, it explains the theoretical basis for 
a major component of the experimental method employed in the present work. It also illustrates 
how aluminium oxidation is a much broader issue that has relevance in other areas distinct to 
primary aluminium production. 
2.2 Commercial significance of oxidation on primary aluminium production 
There are many stages of metal handling in the primary production of aluminium in a cast house 
(see Figure 2.1), and during each one there is the potential for some metal to be lost through various 
means including oxidation, skimming, spilling and scrap. At any stage in the process where the 
amount of metal leaving a particular stage is less than the amount of metal that went into that stage, 
this discrepancy is termed melt loss or metal loss. Van Linden and Reavis, [12, 13] made the 
observation that melt loss has traditionally been more of an accounting exercise, where melt loss 
was simply the closing value in a mass balance. Over time, however, this attitude has gradually 
changed and methods have been developed to quantify melt losses over an entire plant. They 
described four categories into which the numerous dross generation activities could categorised: 
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 cascading, melt process, metal quality, and metal handling. While it is accepted that melt losses are 
effectively lost revenue, the varied nature of melt losses make them difficult to quantify and, thus, 
melt losses are generally considered unavoidable, albeit undesirable, consequences of casting metal. 
Clark and McGlade [14] composed a review of industrial melt loss with the aim of demonstrating 
just how important an issue it is when the real cost of melt loss is revealed. 
 
Figure 2.1 The range of melt handling steps often employed in converting electrolytic aluminium into cast 
product. Each of these steps is a potential source of melt loss. Reproduced from [14]. 
Cast house melt loss can be described, in its most simple form, in terms of the mass of molten metal 
that enters the cast house from the reduction cells, Min, and the mass of cast metal that leaves the 
cast house, Mout, in a given timeframe [12]: 
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑀𝑀𝑖𝑖𝑖𝑖 − 𝑀𝑀𝑜𝑜𝑢𝑢𝑢𝑢
𝑀𝑀𝑖𝑖𝑖𝑖
× 100% Equation 2.1 
Due to the time it takes for the metal going into the system to come out the other end as cast 
product, unrepresentative melt loss figures may be produced because of varying amounts in 
classifications such as “work in progress”, “metal in furnaces” etc. It is even possible to have a 
“positive melt loss” in a given timeframe, when the recorded amount of metal produced exceeds the 
amount of metal that entered the cast house. Over time, of course, these anomalies will average out, 
but in the short term the gross melt loss value is not necessarily a particularly useful figure. 
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 To demonstrate the significant economic effect of melt loss, Clark and McGlade use the example of 
a typical 500,000 tonne per annum (tpa) smelter running with a melt loss of 0.8%, a fairly typical 
value. In such a smelter, the amount of metal produced in a year but not sold is 0.8% of 500,000 
tpa, or 4000 tpa. They assumed a London Metal Exchange (LME) aluminium price of $US 1850 per 
tonne1F2 (presumably correct at the time), and calculated the value of lost revenue due to this loss at 
$US 7m per year (~$AU 9.5m at 2005 exchange rate). To put it another way, each 0.1% reduction 
in melt loss equates to an increase in revenue of ~$US 1m (~$AU 1.4m at 2005 exchange rate), in 
this example smelter. Obviously the LME price of aluminium will fluctuate over time so that the 
calculated loss of revenue due to melt loss will vary, but Clark and McGlade’s example adequately 
illustrates the point that melt loss represents a significant loss of revenue, in the order of several 
millions of dollars per year. Furthermore, even modest reductions in melt loss can result in 
appreciable savings. 
The most significant contributor to melt loss is oxidation of the molten metal which will particularly 
occur any time the molten metal surface is exposed to the atmosphere2F3. Any melt handling step that 
disrupts the oxide surface (see Figure 2.1) will expose fresh metal that will re-oxidise and add to the 
melt loss. In addition to melt loss due to the direct oxidation of molten metal, more metal is lost due 
to it becoming entrained with the oxide in the dross (see below). This can occur during any 
turbulent event associated with melt handling where the oxide film becomes folded and tangled to 
form dross (Figure 2.2). The entrained metal is either physically contained within the oxide itself, or 
is inadvertently removed from the melt surface when the dross is skimmed too deeply below the 
melt surface. 
Clark and McGlade provided estimates of the amount of dross produced in the seven Australasian 
smelters, as shown in Table 2.1. The authors did not specify the year to which the data referred, but 
presumably it was close to the year of publication, 2005. The authors noted that the reported values 
of dross production rates vary widely from plant to plant due to differences in their measurement 
and recording procedures, and that different product types/product mixes generate different amounts 
of dross. The data showed that approximately 25,000 tonnes of dross was produced in a year in the 
Australasian aluminium production industry, which equates to a dross rate of ~1%. More recent 
data from the Australian Aluminium Council Sustainability Report 2012 [6] gives similar data, 
revealing that in 2009, ~1.87 Mt of primary aluminium was produced in Australian smelters, along 
2 The current value, as of February 2015 is ~$AU 2300 per tonne, so the lost revenue would be even greater now. 
3 Even if no fresh metal surface is exposed, the oxide itself will continue to oxidise further, although at a slower rate 
than the molten metal. This will become more apparent later. 
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 with 12,000 t of dross3F4. Using the current (as at February 2015) LME price of aluminium of ~$AU 
2300 per tonne, this represents an annual loss of over $AU 26m to the Australasian aluminium 
industry. The International Aluminium Institute life cycle inventory of global aluminium production 
also estimates the amount of dross formed globally as approximately 20 kg per ton of aluminium 
ingot produced [16]. Given the global annual production of primary aluminium is in the order of 50 
million tons, there is clearly a strong financial incentive to minimise dross production. 
 
Figure 2.2 Microscopic section through a dross sample (40x magnification). The oxide films are extremely thin 
and therefore not visible. The white phase is entrained metal. The black regions are air gaps. 
Reproduced from [15]. 
Table 2.1 Primary production and estimated dross production figures for Australasian smelters. Data for 
year ca. 2005. Reproduced from [14]. 
Company Facility Annual output (tpa) Dross production 
rate (tpa) 
Alcan Tomago Aluminium 521,000 4,200-5,400 
Norsk Hydro Kurri Kurri 165,000 2,400-3,600 
Rio Tinto Alcan Boyne Smelter Limited 540,000 5,500 
 Bell Bay 180,000 3,000 
 New Zealand Associated 
Smelter 
350,000 3,000 
Alcoa Pt Henry 225,000 2,000 (estimate) 
 Portland 388,000 3,500 
Total  2,400,000 24,800 
 
Of course, in attempting to control and minimise dross production, it is necessary to determine 
where and how it is being produced. Clark and McGlade [14] held a series of discussions with cast 
house personnel from various plants to determine the major melt handling steps that contribute to 
4 The report states that 12 kt of dross was “collected for reprocessing”, which does not necessarily give an accurate 
estimation of the amount of dross formed. In the three years 2009 to 2011, the respective reports stated dross collection 
values of 31, 29 and 17 kt. There was a significant reduction in the amount of dross that was reprocessed between 2010 
and 2011. This does not necessarily indicate a drop in dross formation. 
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 dross generation. The results of these discussions, shown in Figure 2.3, showed that it is generally 
considered that most of the dross is produced in the furnace itself, typically a reverberatory furnace. 
A further breakdown of this information (Figure 2.4) show that it is the filling of the furnace that is 
considered to be the primary source of dross formation and melt loss. 
 
Figure 2.3 Sources of melt loss, ascertained from interviews with cast house personnel. Reproduced from [14]. 
 
Figure 2.4 Breakdown of melt loss sources within the furnace. Reproduced from [14]. 
With this in mind, the authors considered that it was the process of furnace filling that needed the 
most attention, and they described some of the current best practice techniques that were in place to 
manage this. They stressed the importance of preventing so called “cascading” where a stream of 
molten metal is poured directly into a molten bath, resulting in large amounts of turbulence and 
splashing. Suggested techniques for avoiding this were siphoning the metal from one vessel to 
another, or raising the pouring vessel up and pouring the metal through a transfer tube, such that the 
other end of the transfer tube is submerged below the surface of the receiving vessel. These 
methods have the two-fold benefit of minimising turbulence by avoiding cascading, and also 
minimising the surface area of metal exposed to the atmosphere. 
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 It should be noted that Clark and McGlade’s study was not based on actual measurements of dross, 
but on the opinion of the cast house personnel. Indeed, this in one of the problems in addressing 
dross formation: that there is uncertainty as to which processes are the most significant contributors. 
This section has given an overview of the significance of melt loss through dross formation during 
primary aluminium production. To address this problem requires an understanding of the 
underlying process of oxidation, which will be discussed over the remainder of this Chapter. The 
discussion will begin in the following section with an exploration of the fundamental nature of 
aluminium oxide. 
2.3 On the nature of aluminium oxides 
The formation of dross during aluminium production is intimately related to the oxidation process, 
and there are several forms that aluminium oxide can take. These different forms vary in structure 
and properties and affect oxidation behaviour in different ways. This section will discuss the most 
common forms of aluminium oxide that are relevant to oxidation of molten aluminium. 
2.3.1 The various forms of aluminium oxide 
Aluminium oxide, or alumina, is found in nature as the mineral corundum, denoted α-Al2O3. It can 
also be produced from the naturally occurring hydroxides, Al(OH3), and oxyhydroxides, AlOOH. 
Examples of aluminium hydroxides are bayerite, nordstrandite, and gibbsite, while diaspore and 
boehmite are oxyhydroxides. Commercial production of alumina involves calcining these hydrated 
oxides to form pure alumina. Thermal decomposition of the hydrates releases water and changes the 
structure of the material to form a range of various “transition aluminas”, such as γ-, κ-, η-, θ-, δ-, 
and χ-Al2O3.  
The transition aluminas are not, strictly speaking, true polymorphs of Al2O3, as they contain varying 
amounts of hydroxyl (OH-) ions [17], and their structure depends on the starting material and by 
other factors such as the heating rate, crystallinity and the presence of impurities [18]. Figure 2.5 
shows the transition sequence of the various starting materials as they are calcined in air at various 
temperatures. Each transition alumina is stable over a range of temperatures, and complete 
dehydration results in the thermodynamically stable α-alumina. 
While there is an extensive body of literature on the various forms of alumina (see e.g. [17-23]) , 
they are largely from the perspective of α-alumina production, and so focus on the structure of 
oxides formed through thermal decomposition of aluminium (oxy)hydroxides. There is significantly 
less information of the nature of oxides formed directly on aluminium metal [24]. It is generally 
held that the crystal structure of transition aluminas is dependent on the characteristics of the 
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 starting material and its subsequent thermal history [25]. It is worth taking this into consideration, 
then, how suitable the transition alumina classifications are when considering aluminium oxides 
formed by direct reaction of aluminium. 
 
Figure 2.5 Dehydration sequence of hydrated aluminas in air. The x-axis is the temperature in °C. The 
enclosed boxes indicate ranges of stability, while the arrows indicate regions of transition. 
Reproduced from [18]. 
In the literature on aluminium oxidation, the most important forms of alumina are amorphous 
alumina, the transition alumina denoted γ-alumina, and α-alumina [26]. These three forms will be 
discussed in further detail presently. 
In air at low temperatures, it has been observed that the oxide film naturally present on aluminium 
is amorphous [27, 28], or at least has poorly developed long-range order [29]. The amorphous film 
is typically very thin, with estimates of the thickness ranging from 20-45Å [28], to about 100Å [30], 
and up to 2-3 nm [31]. The amorphous oxide film is considered to be thermodynamically unstable, 
and at elevated temperatures, will eventually transform to a crystalline form [28]. 
However, Jeurgens et al. [32, 33] demonstrated that below a certain critical thickness, an amorphous 
film can be more thermodynamically stable than the crystalline form. They attributed this to the 
relative free energy of the bulk material and the free energy of the material surface. In systems with 
large surface areas (i.e. a thin oxide film), the total free energy is dominated by the surface energy, 
which is lower in the amorphous form compared to a crystalline form. In thicker films, where the 
ratio of surface area to volume is low, the total free energy is dominated by the bulk energy of the 
material, which is higher in the amorphous form compared to a crystalline form. 
The transition alumina denoted γ-alumina is often observed in oxide films grown on aluminium. 
Despite the significant amount of literature on γ-alumina [25, 34-39], there is still a significant 
uncertainty surrounding its structure [39-44], as its inherently disordered structure has been 
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 problematic to consistently describe. This is at least partially due to the same issue that affects all 
the transition aluminas, namely that the crystal structure is dependent on the starting material and its 
thermal history. Wilson, for example, demonstrated that when formed from the dehydration of 
boehmite, the γ-alumina lattice parameter changes with dehydration time [45]. 
While there is still uncertainty surrounding the specifics of the structure of γ-alumina, there is 
general agreement that γ-alumina is based on a spinel structure, i.e. AB2O4, where A and B are, 
respectively, divalent and trivalent metal cations (Figure 2.6). The spinel structure is based on a face 
centred cubic close packing of oxygen anions, with aluminium cations occupying half of the 
octahedral interstitial sites, and one eighth of the tetrahedral interstices [46]. In true spinel, the ratio 
of cations to anions is 3:4, whereas in alumina (i.e. Al2O3)  the ratio is 2:3. Thus, there are 
additional cation vacancies in the alumina unit cell to maintain stoichiometry. Thus, γ-alumina is 
sometimes referred to as a defect-spinel. One of the major sources of disagreement is how the 
aluminium cations are distributed over the octahedral and tetrahedral interstices [25, 38, 39, 44]. 
Paglia and co-workers [40-44] have attempted to resolve some of this uncertainty with extensive 
modelling, supported by experimental work. The details of the structure of γ-alumina are still an 
open problem. 
 
Figure 2.6 The crystal structure of spinel, AB2O4, where A and B are divalent and trivalent cations. 
Reproduced from [46]. 
In contrast to the significant uncertainties surrounding the structure of γ-alumina, the structure of α-
alumina, or corundum, has been well characterised. The α-alumina crystal structure is based on a 
hexagonal close-packed sub-lattice of oxygen anions, with aluminium cations occupying two-thirds 
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 of the octahedral interstices [46], as shown in Figure 2.7. The unit cell can be seen to be made up of 
units of AlO6 octahedra. 
α-Alumina is considered to be the only thermodynamically stable form of aluminium oxide [26],  
however, McHale et al. [47] used a combination of simulation and calorimetry to calculate that the 
surface energy of γ-alumina is lower than that of α-alumina. Thus, γ-alumina is more 
thermodynamically stable than α-alumina, for surface areas above a certain critical value. To put it 
another way, for an oxide film, at low values of film thickness the γ form of alumina is more stable 
than the α form. 
 
Figure 2.7 The unit cell of corundum (α-Al2O3), showing the arrangement of AlO6 octahedral units. The large 
spheres represent the Al3+ cations, and the small spheres are the O2- anions. Reproduced from [48]. 
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 2.3.2 Microstructural observations of oxide films 
There is a significant amount of prior work on the microstructure of aluminium oxide films. 
However, the literature is largely focussed on oxidation of aluminium alloys. This is not surprising, 
as it is the alloys that are of technological importance, more so than the pure metal. However, the 
addition of alloying elements significantly affects the oxidation behaviour of aluminium, and 
therefore places a limit on the relevance of this literature on the present work. When it comes to the 
oxidation of pure aluminium, the literature is primarily focussed on oxidation in the solid state (see, 
e.g. [24, 31, 49-66]). 
In solid-state oxidation of aluminium, it is generally observed that the initial oxide to form is 
amorphous [49-55]. When held at an elevated temperature, a crystalline oxide is observed [31, 51, 
54-57], often identified to be γ-alumina [31, 51, 54, 55, 58-61]. A delay, or incubation time, is 
observed before the amorphous to crystalline transition is observed [31, 51, 54-57]. The incubation 
time is found to decrease with increasing temperature [51, 57]. 
By way of example, Figure 2.8 shows the work of Dignam et al. [51], where high purity (99.996%) 
aluminium foil was oxidised at temperatures from 454-530°C. It was found that amorphous oxide 
was present up to an incubation time that decreased with increasing temperature. After the 
incubation period, transmission electron microscopy and electron diffraction showed the presence 
of crystalline oxide particles, assumed to be γ-Al2O3. 
 
Figure 2.8 Transmission electron micrographs and diffraction patterns of oxide formed on high purity 
(99.996%) aluminium. Top, oxidised at 454°C for 6 and 16 h, respectively; centre, oxidised at 454°C 
for 24 h; bottom, oxidised at 601°C for about 2 h. Reproduced from [51]. 
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 The crystalline oxide has been observed to nucleate at the metal/oxide interface  [50, 52, 54, 56, 57, 
63, 65], as depicted schematically in Figure 2.9. there is some ambiguity as to whether the 
amorphous oxide transforms into a crystalline oxide, or the crystalline oxide nucleates separately. 
 
Figure 2.9 Growth of gamma alumina crystallites under the amorphous oxide film. Reproduced from [63] 
An orientation relationship has often been observed between the growing oxide film and the solid 
aluminium substrate [50, 54, 56, 61, 65], as shown in Figure 2.10.  The transmission electron 
micrographs show oxide films formed on superpurity aluminium at 450°C [58]. The authors noted 
that the distribution of the “decorations” differed depending on the orientation of the underlying 
metal crystal, suggesting an epitaxial relationship between the gamma alumina and the substrate. 
 
Figure 2.10 Transmission electron micrographs of oxide films formed on aluminium at 450°C. (a) (top left) 
superpurity oxidised for 16 h, (b) (top right) and (c) (centre left) superpurity oxidised 64 h, (d) 
(centre right) superpurity + 0.06% Fe, oxidised 64 h, (e) (bottom left) superpurity + 0.53% Mn, 
oxidised 64 h, and (f) (bottom right) superpurity + 0.24% Si, oxidised 64 h. Reproduced from [58] 
Compared to the literature on solid aluminium oxidation, there is a much smaller body of work on 
the structure of oxides formed on (pure) molten aluminium (e.g. [27, 67-72]). From this relatively 
limited amount of available literature, there appear to be some similarities with behaviour observed 
in the solid-state. Darbyshire [67], for example, examined oxide films formed on several molten 
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 metals, including aluminium. Oxide specimens were sampled from the melt surface using a loop of 
wire. Other than this, no other experimental details were described, including the temperature of the 
melt and the exposure time. However, using transmission electron microscopy and electron 
diffraction, it was determined that the oxide present was γ-alumina. 
In Thiele’s [73] work, the oxide films were removed from the specimen surface and treated with a 
bromine/ethanol solution to dissolve away the residual metal, and the left over oxide was subjected 
to X-ray analysis. At 700°C, the oxide formed on the 99.99% grade was determined to be mostly α-
Al2O3, with only a small amount of γ-Al2O3 present, while at 800°C the oxide formed on the 99.9% 
grade was found to be about half α-Al2O3 and half γ-Al2O3. This seems counter-intuitive as α-Al2O3 
is considered the more stable form, and it would be expected that the higher temperature would, if 
anything, increase the rate of transformation of γ-Al2O3 to the more stable α-Al2O3. Thus the author 
concluded that there was no direct correlation between the oxidation rate and the state of the oxide. 
Impey [69] also observed α-alumina in oxide films formed on molten aluminium The author used 
transmission electron microscopy to study the morphology of oxide films at the initial stages of 
oxidation. Samples were taken from a melt using a copper-loop, and the sampled material was 
dissolved in a 3% bromine-methanol solution to dissolve the aluminium from the oxide film. Figure 
2.11 shows a TEM micrograph of what where identified as α-Al2O3 crystals that nucleated within 
the first formed γ-Al2O3 film, and a corresponding electron diffraction pattern. In their review of 
liquid aluminium oxidation, Drouzy and Mascré [11] also noted that at longer times α-alumina is 
observed to form. It is generally accepted that this α-alumina forms from the transformation of γ-
alumina. 
 
Figure 2.11 Transmission electron micrograph of oxide film formed on aluminium at 750°C, and corresponding 
electron diffraction pattern. Reproduced from [69]. 
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 2.4 Kinetics of aluminium oxidation 
2.4.1 Oxidation rate laws 
The literature on oxidation presents several rate laws to describe the amount of oxide formed on a 
metal surface as a function of time. The amount of oxide is most often expressed as a mass, or mass 
per unit surface area, although it is sometimes given as a thickness. If the density of the oxide is 
constant over time, then there is a direct relationship between the oxide mass and thickness, and the 
two are equivalent. The corollary is that if the oxide density is not constant over time, either due to 
a phase transformation or the presence of porosity, then the density and thickness are not directly or 
easily related. In such a case, comparing mass changes to thickness changes should be done with 
caution. 
The process of oxidation involves several steps. Firstly oxygen molecules are adsorbed4F5 onto the 
metal substrate, and the molecules dissociate into ions. This is followed by rearrangement of the 
ions to form oxide nuclei, which then grow laterally along the substrate surface until such a time as 
the individual nuclei impinge upon one another to form a continuous polycrystalline film. At this 
stage, the film can grow normal to the metal surface, i.e. it thickens [74]. It is this later stage of 
growth that these rate laws describe. 
The most common rate laws determined experimentally are the linear, parabolic, paralinear and 
logarithmic (or exponential) [11, 28, 75], shown in Figure 2.12. While the rate laws were initially 
developed to understand oxidation of solid metal, it is expected that the oxidation of liquid metals 
will also involve the same mechanisms [11], with the notable difference that the composition of 
liquid metals can homogenise much more rapidly than in the solid state. As a general rule, oxidation 
often follows logarithmic kinetics at sufficiently low temperatures, parabolic kinetics at 
intermediate temperatures, and at high temperatures linear kinetics are followed [28]. Of course, the 
actual temperature ranges over which particular kinetics are observed will vary from one metal to 
another. This is illustrated by the observation of Drouzy and Mascré [11] in a review of oxidation of 
liquid non-ferrous metals that, in general, liquid metals followed parabolic oxidation behaviour 
(although linear behaviour was often reported), while logarithmic behaviour was rarely observed. 
Clearly, then, molten metal temperatures are in the so-called “intermediate” temperature regime, 
where parabolic kinetics are most often observed. 
5 There are two types of adsorption: physisorption and chemisorption. In physisorption the adsorbed molecules are 
bonded to the solid surface by relatively weak Van der Waals forces. Chemisorption, in contrast, involves covalent 
bonds and as such the bonding forces are comparatively stronger than those in physisorption. 
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Figure 2.12 Schematic representation of some common rate laws encountered in the literature. The vertical axis 
gives the change in mass due to oxidation, and the horizontal axis gives the time. Reproduced from 
[28]. 
What is notable about Figure 2.12 is that, with the exception of the linear rate law, the rate laws are 
quite similar in form. Consequently, experimental kinetic data often does not neatly fit one or other 
of the rate laws, due to experimental scatter or irregularities in the behaviour. That being the case, it 
is prudent to exercise caution when attempting to fit a rate law to data. 
In the following sections, the two important limiting cases of oxidation are discussed. These are the 
parabolic oxidation theory of Wagner [76], based on diffusion-controlled kinetics, and the theory of 
Cabrera and Mott [77] which explains logarithmic kinetics in terms of electric fields established 
across the film. Linear and paralinear oxidation will also be described. 
2.4.1.1 Wagner’s parabolic scaling theory 
When oxide film growth is limited by the diffusion of ions through the film, it has been observed 
that the oxidation rate decreases with increasing film thickness [78], and parabolic kinetics are 
observed according to the equation: 
𝑥𝑥2 = 𝑘𝑘𝑝𝑝𝑚𝑚 Equation 2.2 
where x is the film thickness (or, equivalently, the mass of oxide per unit surface area), kp is the 
parabolic rate constant and t is the time. Wagner [76] explained this behaviour with a theory that 
relates the rate of film growth to measurable transport properties of the film [74]. 
The Wagner theory is based on the following assumptions [78, 79]: 
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 • The oxide film is homogeneous and of uniform thickness; 
• The metal/oxide and oxide/gas interfaces are at local equilibrium, such that the reactions at 
the interfaces are considered to be sufficiently fast that the rate controlling step is diffusion 
through the film; 
• The migrating species are cations, anions and electrons; 
• The oxide film is thick enough that variations in electrical fields over short ranges, 
compared to the thickness of the film, are negligible, and the film is considered to be 
electrically neutral; and 
• Oxide only forms at the metal/oxide and oxide/gas interfaces. 
The following derivation of Wagner’s parabolic law is based on the descriptions of Hoar and Price 
[80], Kubaschewski and Hopkins [28], and Silva [79]. The derivation starts by considering the 
oxidation interface as an electrochemical cell, with the film acting as the electrolyte that allows the 
flow of ions through it (Figure 2.13). In this model, the metal substrate acts as the cell’s anode, 
where oxidation of the metal, M, to metal cation, M+, occurs, thus liberating electrons The attacking 
gas, denoted by the generic monatomic gas atom, X, in Figure 2.13, acts as the cathode, where 
reduction of gas atom to the ionic species, X -, occurs, liberating electrons. Metal cations diffuse 
from the metal/oxide interface into the oxide, while concomitant diffusion of electrons to the 
oxide/gas interface ensure electrical neutrality of the oxide is maintained. 
 
Figure 2.13 Electrochemical model of the oxidation of a metal M by a gas X. The metal M is oxidised to the 
ionic species M+ at the anode, and the monatomic gas X is reduced to the ionic species X- at the 
cathode. A concomitant flow of electrons, ε, from metal anode to gaseous cathode ensures electrical 
neutrality of the oxide film is maintained. Reproduced from [80]. 
The derivation requires the explanation of an electrical property called the transport number 
(sometimes called transference number). The transport number, τi, is the fraction of the current 
carried by each of the charge carrying species in the oxide [81], such that the sum of the transport 
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 numbers of each of the species is equal to unity5F6. In the oxide film, the charge carrying species are 
anions, cations and electrons, with transport numbers τa, τc and τe respectively. 
If the total electrical conductivity of the oxide is designated κ, then the fraction of the total 
conductivity due to the electrons, κelectronic, is related to the total conductivity by the electron 
transport number: 
𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑒𝑒𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒 = 𝜏𝜏𝑒𝑒𝜅𝜅 
Similarly, the fraction of the total conductivity due to the ions is given by: 
𝜅𝜅𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒 = (𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜅𝜅 
Let the fraction of total resistivity, ρ, due to the electrons and ions be denoted by, respectively, 
ρelectronic and ρionic. Since resistivity is the reciprocal of conductivity, then the total resistance, R, of a 
film of thickness, x, and area, A, is given by: 
𝑅𝑅 = 𝜌𝜌 𝑥𝑥
𝐴𝐴
 
𝑅𝑅 = (𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑒𝑒𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒 + 𝜌𝜌𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒) 𝑥𝑥𝐴𝐴 
𝑅𝑅 = � 1
𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑒𝑒𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒
+ 1
𝜅𝜅𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒
�
𝑥𝑥
𝐴𝐴
 
𝑅𝑅 = � 1
𝜏𝜏𝑒𝑒𝜅𝜅
+ 1(𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜅𝜅� 𝑥𝑥𝐴𝐴 
𝑅𝑅 = �𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒 + 𝜏𝜏𝑒𝑒(𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜏𝜏𝑒𝑒𝜅𝜅� 𝑥𝑥𝐴𝐴 
𝑅𝑅 = 𝑥𝑥(𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜏𝜏𝑒𝑒𝜅𝜅𝐴𝐴 
since τa + τc + τe ≡ 1 by definition. 
Assuming Ohm’s law is valid and the current, I, is proportional to the potential difference, Eo, then: 
𝐼𝐼 = 𝐸𝐸0
𝑅𝑅
= 𝐸𝐸0(𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜏𝜏𝑒𝑒𝐴𝐴κ
𝑥𝑥
 Equation 2.3 
6 The transference number can also be considered as the ratio of the partial conductivity of species i, σi, to the total 
conductivity σtotal. So σtotal = Σ σi [46]. 
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 A current flowing for dt seconds will produce I·dt Coulombs (C) of charge. This will produce a 
mass of oxide, dm, according to Faraday’s law of electrolysis: 
𝑑𝑑𝑚𝑚 = 𝐼𝐼𝑑𝑑𝑚𝑚𝑀𝑀
𝐹𝐹𝐹𝐹
 
where M is the molar mass of the oxide, F is the Faraday constant (9.65×104 C/mol), and Z is the 
valency of ions in the oxide. A change in oxide mass of dm will produce a change in oxide 
thickness, dx, according to: 
𝑑𝑑𝑚𝑚 = 𝜌𝜌𝐴𝐴𝑑𝑑𝑥𝑥 
where ρ is the density of the oxide (assumed to be constant), and A is the cross sectional area. It 
follows then, that: 
𝑑𝑑𝑥𝑥 = 𝐼𝐼𝑑𝑑𝑚𝑚𝑀𝑀
𝜌𝜌𝐴𝐴𝐹𝐹𝐹𝐹
 
and therefore the rate of change of thickness is: 
𝑑𝑑𝑥𝑥
𝑑𝑑𝑚𝑚
= 𝐼𝐼𝑀𝑀
𝜌𝜌𝐴𝐴𝐹𝐹𝐹𝐹
 Equation 2.4 
Substituting Equation 2.3 into Equation 2.4 gives: 
𝑑𝑑𝑥𝑥
𝑑𝑑𝑚𝑚
= 𝐸𝐸0(𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜏𝜏𝑒𝑒𝜅𝜅𝑀𝑀
𝜌𝜌𝐹𝐹𝐹𝐹𝑥𝑥
 
𝑑𝑑𝑥𝑥
𝑑𝑑𝑚𝑚
= 𝑘𝑘
𝑥𝑥
 where the constant 𝑘𝑘 = 𝐸𝐸0(𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑒𝑒)𝜏𝜏𝑒𝑒𝜅𝜅𝑀𝑀
𝜌𝜌𝐹𝐹𝐹𝐹
 
Integrating with respect to time, and assuming the constant of integration is zero (i.e. assume the 
oxidation rate at time zero is zero) gives: 
�
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𝑥𝑥
𝑚𝑚 
𝑥𝑥2 = 𝑘𝑘𝑝𝑝𝑚𝑚 Equation 2.5 
which is the parabolic rate law, where kp is the parabolic rate constant. 
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 This (perhaps unnecessarily detailed) derivation is intended to make it clear that rate laws are 
derived from quantifiable physical processes, and so applying a particular rate law to an oxidation 
curve implies that the oxidation reaction is controlled by a very specific physical mechanism. The 
corollary to this is that, given a sufficiently robust data set, it is possible to determine the oxidation 
mechanism by fitting a rate law to the data. 
2.4.1.2 Cabrera-Mott theory and logarithmic kinetics 
In the description of the parabolic rate law, it was assumed that the oxide film was sufficiently thick 
such that the distribution of electrical charge through the oxide film could be assumed to be uniform 
and the electrical conditions at the oxide interfaces (i.e. metal/oxide and oxide/vapour interfaces) 
could be neglected. For thin films these assumptions are not valid, and the parabolic rate law does 
not apply, particularly at low temperatures. In this context, the term “low temperature” is 
descriptive and is simply the condition where there is insufficient thermal energy for (the thermally 
activated) ionic diffusion through the film, i.e. room temperature up to slightly elevated 
temperatures. Under such low temperature oxidation, a logarithmic rate law has been found to 
apply. 
The explanation starts with the observation that at a low temperature (i.e. such that ionic diffusion is 
negligible), electrons are still mobile and can pass through the oxide easily. Oxygen atoms are 
adsorbed at the oxide/gas interface and provide so called “traps” for electrons in the oxide. 
Electrons diffuse from the metal to the oxygen atoms, forming oxygen anions at the oxide/gas 
interface, and metal cations at the metal/oxide interface. Thus a potential difference is established 
across the thickness of the oxide film. An electric field induces a force, F, which acts upon charged 
particles, such as ions. The magnitude of this force is inversely proportional to the distance, x, over 
which the potential difference, V, is acting, according to:  
𝐹𝐹 = 𝑉𝑉
𝑥𝑥
 Equation 2.6 
Thus the magnitude of the electric force acting on charged particles within the film increases with 
decreasing film thickness. The potential difference established across the film due to the presence of 
metal cations and oxygen anions is only of the order of 1-2 volts, however for so called “thin” 
oxides in the order of <10 nm, the electric field is very large, in the order of 106 V/cm [79]. An 
electric field of such magnitude can provide sufficient driving force to activate cation diffusion 
through the film at low temperatures where thermally activated diffusion would not otherwise 
occur. This ultimately results in a logarithmic rate law of the form: 
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 𝑥𝑥 = 𝑘𝑘𝑒𝑒𝑚𝑚𝐺𝐺𝑙𝑙(𝑎𝑎 ∙ 𝑚𝑚 + 𝑏𝑏) Equation 2.7 
where x is the oxide thickness, ke is the logarithmic (or exponential) rate constant, t is the time, and 
a and b are constants. 
2.4.1.3 Linear and paralinear kinetics 
The simplest case of oxidation is described by linear kinetics, such that the thickness of the film, x, 
is given by: 
𝑥𝑥 = 𝑘𝑘𝑒𝑒𝑚𝑚 Equation 2.8 
where kl is the linear rate constant and t is the time. Differentiating this with respect to time shows 
that the oxidation rate is independent of the thickness of the oxide film and is a constant: 
𝑑𝑑𝑥𝑥
𝑑𝑑𝑚𝑚
= 𝑘𝑘𝑒𝑒 Equation 2.9 
This implies that the rate limiting step is due to interface controlled processes that are independent 
of the film thickness, such as adsorption, chemical reaction, rather than being limited by diffusion 
through the film, as in the case for parabolic kinetics. 
Linear kinetics can also occur if the oxide is porous or otherwise discontinuous. Such a film is 
termed non-protective. Pilling and Bedworth [82] proposed an explanation for non-protective 
oxidation based on the ratio of the relative volumes of the oxide and the metal; what is now called 
the Pilling-Bedworth ratio. They proposed that if the ratio of the molar volume of the oxide to the 
molar volume of the metal is less than unity (i.e. the molar volume of the oxide is less than the 
molar volume of the metal) then the oxide will tend to be porous and non-protective. Conversely, 
they stated that if this ratio is greater than unity, the oxide film will be continuous and protective. 
This idea has been expanded on since then, and it is now considered that if the Pilling-Bedworth 
ratio is sufficiently greater than unity, the stresses built up in the oxide may actually cause it to 
crack and/or spall away and lose its protective property [83]. In general, any process which 
mechanically disrupts the oxide layer (such as blistering, cracking, or even volatilisation of the 
oxide layer) can result in linear kinetics [28]. 
It has been observed that an oxide film can initially grow according to protective parabolic kinetics, 
but then at some later time change to non-protective linear kinetics. This can be explained by the 
presence of two layers within the oxide: a compact inner layer growing at a parabolic rate, and a 
porous outer layer growing at a constant (linear) rate. The inner, parabolic, layer will tend towards 
some limiting value (denoted Ymax in Figure 2.14), and so at some time the growth of the porous 
layer will exceed the growth rate of the parabolic layer and the linear kinetics will become 
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 dominant. The combination of these two processes results in “paralinear” kinetics. This is illustrated 
in Figure 2.14, where curve A represents the parabolic growth component of the oxide and curve B 
is the linear component. Paralinear kinetics are represented by curve C, which is the sum of the two 
curves A and B. 
 
Figure 2.14 Schematic representation of paralinear oxidation. Curves A and B correspond to the growth of an 
inner compact layer and an outer porous layer, respectively. Curve C is the total mass gain and is 
the algebraic sum of curves A and B. Reproduced from [79]. 
It is worth noting that multiple oxidation processes can occur simultaneously. Indeed, it has been 
observed that the kinetics of aluminium oxidation cannot be described by a single rate law. 
Gulbranson and Wysong [84], for example, determined that aluminium oxidation followed a 
parabolic rate law between 350-460°C. Above 475°C, the oxidation behaviour deviated from the 
parabolic rate law and at higher temperatures, from 500-550°C, were found to obey a linear rate 
law. 
2.4.2 Experimental observations of oxidation kinetics 
Smeltzer [85] studied the oxidation of pure solid aluminium at 400-600°C for times up to 150 hours 
using an experimental setup based on earlier work by Gulbranson and Wysong [84]. The author 
went to considerable length preparing specimens so as to eliminate as much residual surface oxide 
as possible6F7. Super purity aluminium specimens were prepared from 1.25” (31.75 mm) cylindrical 
stock, melted, degassed and solidified under a vacuum7F8 of 10-6 mm (~1.3×10-4 Pa), cold rolled to a 
thickness of 0.01” (0.254 mm), metallographically polished with the final stage done under a 
paraffin/kerosene solution, cut into strips 5.5×2cm and stored in a desiccator. Each specimen was 
degassed prior to oxidation by placing it in the furnace, at room temperature, and applying a 
vacuum of 10-6 mm (~1.3×10-4 Pa) for 5 hours. The specimen was then degassed at 500°C for an 
7 The importance of this will be discussed in further detail in section 2.4.3. 
8 Though not explicitly stated, presumably the unit used here is mm Hg. 
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 additional 30 minutes. It was subsequently vacuum annealed at either 500 or 600°C for 30 minutes 
or 1 hour respectively. After vacuum annealing, the furnace was set to the experiment temperature 
of 400-600°C. The atmosphere used for the oxidation experiment was oxygen at a pressure of 76 
mm Hg (~10 kPa), and although it was not stated explicitly, it seems the oxygen was introduced 
into the furnace after vacuum annealing. The weight gain during oxidation appears to have been 
manually recorded at irregular intervals throughout the thermal treatment, and was expressed in the 
results as weight gain per specimen surface area, μg/cm2. Presumably the surface area considered 
was just the upper face of the specimen strip. 
Figure 2.15(a) shows the weight gain curves for specimens vacuum annealed at 500°C for 30 
minutes prior to oxidation at 400-600°C. The author was somewhat ambiguous in their description 
of the curves. The curves were generally similar in shape. The author stated that there was an initial 
rapid weight gain, followed by an approximately constant growth rate that depended on 
temperature, and finally that the rate reduced to a negligible value. This describes three stages, yet 
there appear to be only two stages on the curves, with the possible exception of the 450°C curve, 
where there appears to be a change in the oxidation rate at <0.5 hour. Presumably this is the stated 
initial rapid oxidation stage, and is unable to be resolved for the other curves because it occurs in 
such a short time and cannot be resolved due to the large time scale used on the graph. Furthermore, 
the author described the curves for 400 and 450°C as being parabolic, and the curve at 500°C as 
being approximately linear, concluding that this supported the results of Gulbransen and Wysong 
[84], who showed that the oxidation kinetics of aluminium obey a parabolic law in the temperature 
range 350-475°C and a linear law at higher temperatures. This classification of the curves into 
either parabolic or linear kinetics seems to contradict the author’s earlier statement that the curves 
showed three distinct regions of oxidation behaviour, and the author eventually conceded that the 
observed oxidation behaviour could not be described by a single rate law. 
The temperature of vacuum annealing prior to oxidation had a marked effect on the oxidation 
behaviour. The author conducted several preliminary oxidation trials at 500°C, with various 
vacuum annealing times and temperatures. They did not present the results but stated that vacuum 
annealing at 600°C resulted in lower oxidation rates than vacuum annealing at 500°C, and vacuum 
annealing for longer times, up to 2 hours, also resulted in lower oxidation rates. The author 
suggested that the decrease in oxidation rate may be due to the oxide film changing from 
amorphous to crystalline, or to changes in the defect and dislocation concentration, as a result of the 
annealing. 
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Figure 2.15 Oxidation of pure aluminium at 400-600°C in oxygen at a pressure of 76 mm Hg. Prior to 
oxidation, the specimens were vacuum annealed at (a) 500°C for 30 minutes and (b) 600°C for 1 
hour. Reproduced from [85]. 
With these considerations of the effect of vacuum degassing in mind, Smeltzer conducted more 
oxidation trials using a high vacuum anneal temperature of 600°C, and a longer anneal time of 1 
hour. The resulting weight gain curves are shown in Figure 2.15(b). These curves were similar in 
form to the curves for the 500°C anneal, but the actual oxidation rates were lower for the 400, 450 
and 500°C curves, which the author attributed to the presence of a more crystalline oxide film. 
Similarly, the author suggested that the oxidation curves at 500°C (Figure 2.15(b)) showed more 
weight gain than the curves at 550 and 600°C due to the formation of crystalline oxide at the higher 
temperature curves. This is in contrast to other literature which indicates that the amorphous oxide 
is more protective than the crystalline form, and indeed it is the breakdown of the amorphous film 
into crystalline forms which causes the so-called breakaway oxidation [69, 86-90].  
Thiele [73] investigated the oxidation of molten commercial purity aluminium in air, dry O2 and 
moist air. The oxidation kinetics were complex and did not follow any known rate law. In air at 
700°C, the oxidation kinetics varied depending on the grade of aluminium, but not in an intuitive 
manner. All three grades (99.5%, 99.9% and 99.99%) formed a 9000Å oxide layer within the first 
hour (though it was not clear how the thickness was measured). After about 24h, the 99.9% grade 
(a) (b) 
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 increased in weight, while the other two grades showed almost negligible weight gains during times 
up to 170 h (Figure 2.16). 
 
Figure 2.16 Weight gain, in mg, of three grades of commercial purity aluminium (99.5, 99.9 and 99.99%) as a 
function of time (in hours) at 700°C. The surface area of the molten metal was 8.5cm2. Reproduced 
from [73]. 
In air at 800°C, the oxidation behaviour of five grades (3 compositional grades and 2 batch variants) 
of commercial purity aluminium were similar (Figure 2.17), although the weight gains were 
significantly higher than at 700°C. It is observed that a protective oxide layer formed during the 
first 8 hours, which slowed down the oxidation rate. After approximately 8 hours, a second 
oxidation event occurred, increasing the masses of all five grades. As in the 700°C experiments, 
there was no direct correlation between the oxidation behaviour and the metal purity, with the 
99.9% grade achieving higher weight gains than both the higher and lower purity grades. There was 
also significant variability between different batches of the same grade of aluminium (Al99.9(A) 
and Al99.9(B)), and even between repeat experiments of the same batch (Al99.99(A)). This 
highlights the common theme of the oxidation literature, that the oxidation behaviour is very 
sensitive to small variations in experimental conditions. This is a significant limitation that needs to 
be overcome to be able to generate robust, consistent, meaningful experimental data. 
 
Figure 2.17 Weight gain, in mg, of five grades of commercial purity aluminium as a function of time in hours. 
The grades were 99.5%, two batches of 99.9% labelled (A) and (B), and two batches of 99.99% 
labelled (A) and (B). The dashed line indicates a repeat experiment of the 99.99(A) grade. The melt 
surface area was 8.5cm2. Reproduced from [73]. 
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 Experiments were also carried out by Thiele [73] on a 99.9% grade of aluminium at 800°C under 
still air, flowing dry O2 and flowing air saturated with water vapour (Figure 2.18). The oxidation 
rate under still air and flowing dry O2 was comparable, while the rate under the saturated flowing 
air was significantly retarded. Furthermore, the oxide formed under the saturated air was found to 
be completely comprised of α-Al2O3. This suggests that water vapour facilitates the γ-Al2O3 to α-
Al2O3 transformation. Why this transformation reduces the oxidation rate is not clear, particularly 
since other work suggests that it is the γ-Al2O3 to α-Al2O3 transformation that causes the oxidation 
rate to increase in breakaway oxidation [69]. 
 
Figure 2.18 Weight gain, in mg, of 99.9% purity aluminium in still air (Luft), flowing dry air (O2-Strom) and 
flowing moist air (H2O-Dampfstrom) at 800°C. The presence of water vapour suppressed oxidation. 
Reproduced from [73]. 
The work of the Russian researcher Radin, along with that of Thiele, is widely cited in the literature 
on liquid aluminium oxidation, and these two appear to be some of the earliest work done in the 
field. In addition, Radin’s work covers the widest range of temperatures investigated in the 
literature. Radin [91] investigated the oxidation of 99.9% pure aluminium in air at 640-1000°C8F9 for 
times up to 16h. This work, published in a 1974 conference proceedings, appears to be an extension 
of the author’s earlier work published in 1961 [92], conducted over a wider range of experimental 
conditions. In the earlier work, a smaller range of experimental conditions were explored: 
temperatures of 680-1000°C, and times up to only 6h. For this reason the results of the later work 
will be presented here. The later work did not describe the experimental method employed, 
however, but the similarity in the results between the two works suggests that the same methods 
were used in both, and so the experimental method described in the earlier work will be related 
here. It should be noted that both of these works were published in Russian, and with the partial 
translations available some of the details of the works are not completely clear. 
9 Radin also conducted some experiments at 640°C, to be able to compare the oxidation in the liquid state with that in 
the solid state close to the melting temperature of pure aluminium of 660°C. 
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 The specimen preparation procedure involved a number of steps. First, 99.9% pure aluminium ingot 
was melted in a graphite crucible at 710°C and purged with chlorine gas for 10 minutes. The molten 
metal was solidified into ingots weighing ~200g, and these ingots were rolled into strip with a 
thickness of ~1mm. Rectangular specimens 24×34mm were cut from the rolled strip so as to fit 
neatly into the 25×35×7mm corundum boats (Figure 2.19) used in the oxidation experiments, and 
each specimen weighed ~2.2g. The specimens were washed with distilled water, degreased with 
carbon tetrachloride and washed with distilled water again before being dried. The specimens were 
weighed on a microbalance, with a precision of 0.01 mg, immediately prior to being placed into a 
corundum boat and into the furnace. 
 
Figure 2.19 Sketch of the corundum boat used for oxidation experiments. Dimensions are in mm. Reproduced 
from [92]. 
Experiments conducted at temperatures up to 900°C were performed in a muffle furnace, while the 
experiments at 1000°C were carried out in a different electric furnace. Due to translation issues, it is 
not clear what the difference between the furnaces was, but it seems clear that two different 
furnaces were used. It appears that the furnace was preheated to the desired temperature before a 
specimen, in a corundum boat, was placed inside. After the required time at temperature, the 
furnace was turned off and allowed to cool to 600°C, at which point the specimens were removed 
and allowed to cool in air to 100°C, and then in a desiccator down to room temperature. The 
specimens were removed from the boat and weighed. For experiments conducted at 1000°C, the 
specimen had “welded” to the boat, and so the boat and specimen were weighed together, and the 
mass of the boat was subtracted to calculate the specimen mass. The data was presented as weight 
gain, in mg/cm2, as a function of time (Figure 2.20), although it is not clear how the weight per area 
was calculated. The author stated that the specimen surface area was 17.5cm2, which is the total 
area of all six faces of the solid rectangular specimen, and it is unclear whether this was the value 
used to calculate the mass of oxide per unit area. Oxide only forms on the exposed upper surface of 
the molten metal, and so using the total surface area of the solid specimen would underestimate the 
actual amount of oxide formed per unit area. 
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Figure 2.20 Weight gain, in mg/cm2, as a function of time, in hours, of 99.9% pure aluminium in air at (1) 
640°C, (2) 700°C, (3) 750°C, (4)&(5) 800°C, (6) 850°C, (7) 900°C, and (8) 1000°C. Reproduced from 
[91]. 
Due to the lack of a thorough translation of the work, it is difficult to draw much in the way of 
conclusions from Radin’s work. However, one notable observation is that the shape of the curve at 
640°C (i.e. just below the melting temperature of 660°C) is the same as that at 700°C (i.e., above 
the melting temperature). This suggests that the same oxidation mechanisms are active in both the 
solid and liquid state, a sentiment shared by Kubaschewski and Hopkins [28]. This is a significant 
finding, as it means that studies conducted on solid state oxidation may be directly compared to 
liquid phase oxidation studies. 
Impey et al. [69] investigated the oxidation kinetics of liquid commercial purity aluminium at 
750°C in air using a thermobalance. This was carried out in conjunction with oxide morphology 
studies and phase analyses using TEM. Figure 2.21 shows the weight gain of the aluminium as a 
function of exposure time in air with two different levels of humidity. Following an initial rapid 
increase in weight over the first 30-60 minutes, the oxidation rate slowed down significantly. The 
first oxide to form on the liquid was determined to be cubic γ-Al2O3, a metastable form of Al2O3. 
This oxide layer was protective and limited further oxidation so long as it was not disrupted. In dry 
air, the weight increased again after an incubation period of about 5 h, in what is called breakaway 
oxidation. The same thing was found to occur in humid air, but the incubation time was much 
longer, about 20 h. This breakaway oxidation was attributed to the nucleation and growth of 
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 rhombohedral9F10 α-Al2O3 (corundum) crystals within the γ-Al2O3 layer. This transformation 
produced a 24% decrease in oxide volume, creating cracks in the protective oxide layer and 
allowing molten metal to exude through, exposing it to the air and resulting in further oxidation. 
Water vapour was found to stabilise the γ-Al2O3, improving the protective capacity of the oxide 
layer, and thus increasing the incubation time to breakaway oxidation and slowing overall oxidation 
rates. Thiele [73], also found that water vapour suppressed oxidation, but did so by expediting the γ-
Al2O3 to α-Al2O3 transformation, the implication being that it was the α-Al2O3 that provided the 
protective behaviour of the oxide, rather than the γ-Al2O3, as Impey et al. suggested. 
 
Figure 2.21 Influence of humidity on oxidation rate of commercial purity aluminium at 750°C. Dry air had a 
water vapour pressure of 70 Pa, while the humid air had a 3 kPa water vapour pressure. 
Reproduced from [69]. 
Bergsmark et al. [70] investigated the oxidation of molten commercial purity aluminium in pure 
oxygen at 800-950°C by a thermogravimetric method and characterised the resulting oxide. The 
oxidation kinetics could not be described by a single rate equation, but general trends were 
identified. The initial rate of oxidation was low, then after some incubation time, the rate rapidly 
increased and then gradually decreased again. For the two curves with the highest weight gain (i.e. 
850 and 900°C curves from Figure 2.22(a)) the resulting oxide was porous, while for all other 
conditions the oxide was more dense. The reason for this was not determined. The difficulty in 
interpreting the results was compounded by significant differences in results depending on the type 
of tubing used to supply the oxygen to the furnace. The oxidation rates were higher when a rubber 
tube was used, compared to a copper tube (Figure 2.22). This again highlights the sensitivity of 
oxidation to the experimental conditions and why it is often impossible to directly compare results 
from different researchers. 
10 Strictly speaking, corundum belongs to the trigonal crystal system, which can be described using either a hexagonal 
or rhombohedral crystal lattice. 
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Figure 2.22 Weight gain as a function of time for molten commercial purity aluminium at 800-925°C in flowing 
oxygen. The oxygen was supplied to the furnace chamber by a (a) rubber tube or (b) copper tube. 
The significant difference in results is attributed to the presence of water vapour in the oxygen 
when the rubber tube was used. Reproduced from [70]. 
Akagwu et al. investigated the growth of oxide films on molten aluminium using thermogravimetry 
[93]. They heated a cylinder of aluminium inside the thermogravimetric furnace up to 950°C, and 
continuously recorded the mass gain for two hours. Figure 2.23(a) shows the thermogravimetric 
trace, showing that the mass of oxide formed at 950°C after two hours ranged up to ~0.2-0.25 
mg/cm2 (~2-2.5 g/m2). They used X-ray diffraction to determine that the oxide was comprised of 
corundum (ie. α-alumina). No γ-alumina was observed. The thickness of the oxide films was 
calculated (making an assumption of the oxide mass density), and is shown in Figure 2.23(b). 
 
 
Figure 2.23 (a) Thermogravimetric trace of aluminium at 950°C. (b) Calculated oxide film thickness. 
Reproduced from [93]. 
Hinton and co-workers [94] investigated the oxidation of superpure (99.9999% pure) aluminium. A 
solid charge was etched with 2% HF solution to remove residual oxide and placed in an alumina 
crucible (20mm outer diameter, 16mm inner diameter, 30mm height). Samples were melted in a 
tube furnace and held at 750°C for times of 5, 17, 60, 180 and 420 minutes before being removed. 
Solidified samples were sectioned and polished, and the thickness of the oxide film was measured 
(a) (b) 
(a) (b) 
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 from electron micrographs. Hinton’s oxide thickness data is plotted in Figure 2.24. At shorter times, 
less than about 3 h, the oxide film appears protective, resulting in a relatively low oxidation rate. At 
times longer than about 3 h, the oxidation rate increased significantly: the oxide film was no longer 
protective and resulted in breakaway oxidation. 
 
Figure 2.24 Thickness of oxide film formed on superpure (99.9999%) aluminium held at 750°C. Thickness was 
measured from electron micrographs of sectioned specimens. Reproduced from data from [94]. 
2.4.3 The effect of surface treatment on kinetics 
Smeltzer [85] went to considerable effort to remove as much of the original oxide as possible, and 
in doing so showed that the oxidation rate was significantly affected by the preparation and thermal 
history of a specimen prior to oxidation. This has implications in designing experiments for 
studying high temperature oxidation in which the specimen must necessarily be heated up to the test 
temperature. The oxidation that occurs during this heating stage affects the subsequent oxidation at 
the test temperature. In effect, typical oxidation studies are not truly isothermal, and this introduces 
difficulties with respect to reproducibility, and uncertainties in interpretation of results. 
What is evident from the reviewed literature is that oxidation is affected by the presence of residual 
oxide on, and the surface preparation of, the specimens used in the experimental work. Several 
workers have explicitly mentioned this (see, for example [70, 84, 88, 95]), with Field et al. [88] 
stating that variations in specimen surface preparation can affect overall weight gains by an order of 
magnitude. Lawless [96] made the observation that despite it being widely understood that carefully 
prepared specimen surfaces were essential for studying oxidation, few studies have actually 
attempted to take the issue into account. 
One group of workers who did take specimen preparation into consideration were Impey et al. [90], 
who studied the problem in detail. They prepared solid specimens of commercial purity aluminium 
by machining, electropolishing in a 25% nitric acid in methanol solution, or mechanically polishing 
to a 1μm finish using diamond as the polishing medium. Specimens were melted and held at 750°C 
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 in dry air for up to 20h. Oxide samples were taken from the melt surface at various times. The metal 
was dissolved out using 3% bromine in methanol solution, and the recovered oxide was weighed. 
Figure 2.25 shows the weight gain as a function of time for the different surface preparation 
procedures and clearly demonstrates the marked differences in oxidation due to the specimen 
surface condition. 
 
 
Figure 2.25 Weight gain of commercial purity aluminium melt at 750°C in dry air, for various surface 
preparations. Reproduced from [90]. 
While most of the studies in the literature investigate oxidation at long time scales, in the order of 
hours up to tens of hours, Freti et al. [15] observed that it is short time oxidation, in the order of 
minutes rather than hours, that is most relevant to industry. The thermogravimetric techniques 
typically used in most oxidation studies are not suitable for experiments over such short time scales. 
This is because the specimen masses used are typically quite low, in the order of grams, and in such 
a situation it is only after long times that a sufficient mass of oxide has formed to be able to be 
measured on a balance. With this in mind, Freti et al. developed a novel experimental technique that 
could be used to measure short time oxidation. In their technique, oxide film was collected from the 
surface of a melt of (relatively) large surface area by “skimming” the melt surface at regular 
intervals. Figure 2.26 shows a schematic of their apparatus. 
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Figure 2.26 Schematic diagram of Freti’s oxide skimming apparatus. Reproduced from [15]. 
The apparatus consisted of a bath constructed of an unspecified ceramic material, with a trough at 
one end that was flushed with argon. Pure aluminium was melted in the bath and held at constant 
temperature, although the heating source was also unspecified. The surface area of the melt was 200 
cm2. A graphite rod was used to skim the surface of the melt towards the dross container. The 
inclined base of the bath enabled the skimmed material to be scraped out of the bath and into the 
trough where the flowing argon was used to both cool the skimmed material and provide a 
relatively inert atmosphere to minimise further oxidation. The first skim was essentially a 
“cleaning” skim, to provide a fresh melt surface, and this first skim was discarded. After the first 
cleaning skim, additional skims were taken at regular intervals of either 5 s, 1 min, or 10 min. The 
skimmed material was treated with a bromine/ethanol solution to dissolve the metal, leaving the 
oxide behind. The residue was then weighed. By taking skims at different time intervals, the amount 
of oxide present at various specific times could then be calculated. 
An additional advantage of this technique over the thermogravimetric methods used by other 
workers was that it was insensitive to the initial state of the solid material prior to melting, as each 
time the melt was skimmed, an effectively oxide free10F11 metal surface was produced. The 
disadvantage of this technique was that, unlike the thermogravimetric methods where the mass is 
continuously recorded over time, each skimmed sample represented a single time and many skims 
needed to be taken at various time intervals to be able to plot the amount of oxide forming over 
time. 
The mass of oxide per unit surface area, m(t), was then calculated at each time interval according to 
the following equation: 
𝑚𝑚(𝑚𝑚) = 𝑚𝑚𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠
𝐴𝐴𝐴𝐴
 Equation 2.10 
11 The skimmed melt surface will, of course, oxidise immediately, but nevertheless it will be as near oxide free as is 
practically possible to achieve. 
34 
 
                                                 
 where t is the time interval between consecutive skims, mskim is the total mass of skims taken 
representing that time interval, A is the bath surface area, and n is the number of skims taken at that 
given time interval11F12. Assuming a constant density of oxide, ρ, the thickness of the oxide film, x(t), 
was calculated according to the following equation: 
𝑥𝑥(𝑚𝑚) = 𝑚𝑚(𝑚𝑚)
𝜌𝜌
 Equation 2.11 
Some comment needs to be made concerning the validity of an assumption of constant oxide 
density. Other oxidation studies have shown quite clearly that the oxide exists in several forms 
(with different densities), the oxide tends to change from one form to another over time, and 
multiple different forms can be present simultaneously. It seems, then, unreasonable to assume a 
constant oxide density. In addition, the presence of porosity and cracking further complicates the 
matter. 
Freti et al. presented only a small amount of data points with minimal analysis (Figure 2.27). They 
compared their results with earlier work of Radin [91], which it agreed with quite well, despite the 
quite different experimental techniques used. Their data showed that the amount of oxide formed 
increased with temperature. The addition of 3% magnesium also increased the amount of oxidation 
by an order of magnitude, consistent with other literature. X-ray diffraction analyses of the Al-Mg 
alloy showed that the oxide was amorphous at a time of 300 s, while at 3000 s it was composed of 
(crystalline) MgO, MgAl2O4 with traces of α-Al2O3, also consistent with other literature. It also 
showed that in the first few seconds, the calculated oxide thickness doubled with each order of 
magnitude increase in time, and that increasing the temperature by 100°C doubled the calculated 
oxide thickness. 
Freti et al. used the results of Figure 2.27 to predict that, for a typical 25 tonne industrial furnace at 
750°C, a 0.8 μm thick oxide layer would form on an aluminium melt over a typical hold time of 6 
hours. They equated this to 125 g of oxide for a typical melt surface area of 10m2. By way of 
contrast, Freti et al. stated that it was typical in industry to generate 15-25 kg of dross per tonne of 
aluminium produced. This is orders of magnitude larger than the predicted amount based on their 
experimental work. The difference was attributed to the melt in the experimental work being largely 
undisturbed between sampling, and then suggested that the key to minimising oxidation in an 
industrial setting was to minimise disturbing the melt surface. 
12 Using this technique, the more skims taken at a particular time interval effectively increases the total surface area, i.e. 
a single skim had a surface area of 200 cm2, so taking five individual skims and summing the oxide formed on each one 
was equivalent to taking a single skim on a melt with a surface area of 1000 cm2. Thus, increasing the number of skims 
increased the precision of the measurement. 
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Figure 2.27 Calculated oxide thickness formed on 99.5% purity aluminium in air at 700 °C (lower curve), 
800°C (middle curve) and Al-3%Mg alloy at 700°C (upper curve) using novel “skimming” 
apparatus of Freti et al. Comparison with data from Radin [91]. Figure reproduced from Freti et 
al. [15]. 
2.4.4 The effect of alloying and atmosphere on kinetics 
While the present work is concerned with the oxidation behaviour of pure aluminium, much of the 
literature is focussed on the technologically important aluminium alloys, particularly aluminium-
magnesium alloys. The effect of even small amounts of alloying elements or impurities can 
drastically alter the oxidation behaviour (Figure 2.28). The presence of certain species in oxidising 
atmosphere, such as carbon dioxide or water vapour, can also play a significant role in the overall 
oxidation behaviour. These important aspects of oxidation will be discussed in this section. 
 
Figure 2.28 The effect of 1 at% additions of various elements to the oxidation of aluminium at 800°C. the 
surface area of the melt was 8.5cm2. Reproduced from [11], originally published in [73] 
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 Field et al. [88] investigated the mass change during oxidation of an Al-4.2Mg alloy using a 
thermogravimetric balance using a synthetic air mixture (20% O2-80% Ar) that was either “dry” (4 
ppm H2O) or “wet” (i.e. saturated with water vapour, 17.5 torr H2O (~2.3 kPa)). Coupons with 
dimensions of 15 × 20mm were electropolished, rinsed several times with methanol and stored for 
14 days in a desiccator at 0% relative humidity, in order to produce a reproducible amorphous12F13 γ-
Al2O3 oxide on all specimens. The oxidation kinetics (Figure 2.29) were complicated and not easily 
described by a single rate law. The authors describe the kinetics as changing from logarithmic to 
para-linear, and finally to pseudo-parabolic, with increasing temperature. The authors also described 
the early stages of the curves in the “wet” atmosphere at 400, 480, 520 and 575°C as, respectively, 
asymptotic, pseudo-parabolic, linear, and pseudo-parabolic, which conflicts somewhat with their 
earlier descriptions. They stated that the higher temperature experiments in their work were 
inconsistent with previous literature, and suggested that this was due to differences in specimen 
surface preparation between the different studies. 
 
 
Figure 2.29 Weight gain during oxidation of Al-4.2Mg alloy in synthetic air mixture (20% O2-80% Ar) either 
“dry” (4 ppm H2O) or “wet” (saturated with water vapour), at temperatures of (a) 400 and 480°C, 
(b) 520 and 575°C. Reproduced from [88]. 
The effect of water vapour did not appear to be consistent, with the authors stating that the wet 
environment gave lower weight gains in the early stages of the curves at all temperatures except 
480°C, and that at later stages the wet environment increased the weight gains, except at 520°C. 
13 “Amorphous γ-Al2O3” is a contradiction in terms. Amorphous necessarily means without an ordered crystal structure, 
yet γ-Al2O3 is crystalline with a specific crystal structure. From the context of the discussion it is clear that the authors 
are describing an amorphous phase. 
(a) (b) 
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 There appears to have been no repeat experiments to determine if the difference between weight 
gain curves in the two different atmospheres (for a given temperature) were significant or merely a 
result of experimental scatter. This is particularly important for the curves at 520°C, where the 
kinetics are described as both linear and para-linear, but the curves cross at two points: once at ~80 
minutes and again at ~300 minutes. The effect of temperature is clearer, weight gain generally 
increases with temperature, with some small variations at shorter times (less than ~100 minutes) in 
the dry environment, where the weight gain at 400°C is higher than at 480°C. But again, this may 
be due to experimental scatter and repeat experiments would have determined if it was significant. 
Given the erratic nature of the curves, it is difficult to conclude much more than this from the 
weight gain data alone. The authors recognised this limitation, and attempted to explain the 
complicated oxidation behaviour by expanding their analyses to include microstructural 
characterisation of the oxide via Transmission Electron Microscopy (TEM) and Scanning Electron 
Microscopy (SEM). 
TEM and SEM analyses revealed the oxide film was duplex, with a residual “amorphous γ-Al2O3” 
film, under which were randomly oriented crystallites of MgO, designated primary MgO, which 
formed at the oxide/metal interface via direct reaction of oxygen with the magnesium in the 
substrate. Secondary MgO crystallites were said to form by reduction of the residual amorphous γ-
Al2O3 film by Mg. The secondary crystallites were found to have approximately constant size (~50 
Å), independent of the temperature, while the primary crystallites increase in size with temperature, 
from ~500 Å at 400°C to ~2000 Å at 520°C. During the linear (i.e. non-protective) regions of the 
weight gain curves, the oxide was found to be very porous, while in regions where the weight gain 
rate slowed down, the oxide was found to be comparatively smooth, with agglomerates of primary 
oxide crystals penetrating the γ-Al2O3 film at the oxide/vapour interface. Figure 2.30 shows SEM 
micrographs of this progression of oxide morphology with increasing exposure time, from the 
relatively smooth oxide (Figure 2.30(a)) corresponding to pseudo-parabolic kinetics, to the more 
porous oxide (Figure 2.30(c)) corresponding to linear, non-protective kinetics. The wet environment 
produced similar microstructures to that of the dry environment, but the oxide surface was smoother 
and the amorphous oxide film remained for longer times. 
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Figure 2.30 SEM micrographs showing the oxide morphology at 520°C in the dry environment. At forty 
minutes (a) the oxide morphology is relatively smooth and protective. With increasing exposure 
times of 100 min (b) and 200 min (c) the oxide becomes more porous and MgO grows out into the 
amorphous film. Reproduced from [88]. 
A model was proposed to describe the oxidation behaviour, shown schematically in Figure 2.31, 
where the initially relatively smooth and protective amorphous layer (Figure 2.30(a)) is disrupted by 
MgO crystals which vary in size with temperature. 
  
 
  
Figure 2.31 Proposed model of oxidation kinetics of Al-4.2Mg. (a) Primary MgO crystals nucleate beneath an 
initially smooth, protective amorphous layer, rupturing it and allowing short circuit oxygen 
diffusion, increasing oxidation kinetics. (b) Additional MgO crystals nucleate beneath existing ones, 
depleting the regions between crystals of Mg. This continues in (c) until the final state in (d) is 
produced, where the surface is rough. From [88]. 
It was suggested that oxygen diffusion through the amorphous γ-Al2O3 film to the oxide/metal 
interface results in a saturation of oxygen at this interface, and MgO crystals nucleate and grow 
beneath this amorphous layer once the oxygen concentration reaches some critical value (Figure 
2.31(a)). Oxygen diffusivity, and thus the depth of oxygen saturation in the substrate, was said to 
increase with temperature and allow larger MgO crystals to form at higher temperatures. These 
larger crystals that form at higher temperatures rupture the amorphous layer and allow short circuit 
diffusion of oxygen to the oxide/metal interface and increased oxidation rates. The regions between 
(a) (b) (c) 
(b) (a) 
(c) (d) 
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 MgO growths become depleted in magnesium, and further MgO crystals then nucleate below the 
existing ones (Figure 2.31(b) and (c)), with oxygen able to diffuse rapidly along the interfaces 
between MgO crystals. Ultimately, the MgO growths result in a coarser oxide morphology and 
faster oxidation kinetics (Figure 2.30(c) and Figure 2.31(d)). This was said to result in a change 
from parabolic (i.e. diffusion controlled) to linear (i.e. non-protective) kinetics. 
Field et al. [88] used this model to explain the inhibiting effect of water vapour during the early 
stages of oxidation. They used mechanical property data of Al2O3 films in air and under vacuum, 
measured by Grosskreutz [97], and an analysis by Manning [98] that related the critical thickness of 
an aluminium oxide film above which it will crack, hcrit, to the surface energy γ, Young’s modulus 
E, the radius of metal/oxide interface curvature R, the scale displacement vector M, and the Pilling-
Bedworth ratio φ, in the following equation: 
ℎ𝑒𝑒𝑒𝑒𝑖𝑖𝑢𝑢 = �12 𝛾𝛾𝐸𝐸 𝑅𝑅2𝑀𝑀2𝜑𝜑�13 Equation 2.12  
The values of the critical oxide thickness calculated by Field et al. are given in Table 2.3, and show 
that the calculated critical oxide thickness is higher in the “wet” environment. Thus, the water 
vapour was concluded to increase the resistance of the amorphous oxide film to cracking, 
effectively improving the protective nature of the film, and reducing the weight gained due to 
oxidation. At the same time they acknowledged that their observation of increased weight gain at 
480°C due to the presence of water vapour did not agree with this explanation, and that the process 
needed to be better understood to explain this anomaly. 
Table 2.2 Mechanical properties (room temperature) of 300 nm thick amorphous anodic γ-Al2O3 films tested 
at atmospheric pressure and 1.33 × 10-4 Pa. Reproduced from [97]. 
Test atmosphere, Pa Young’s modulus, 
GPa 
Fracture stress, MPa Fracture strain 
1.013 × 105 (lab air) 54.7 ± 2.72 175 3.54 × 10-3 
1.33 × 10-4 213 ± 0.69 252 1.52 × 10-3 
 
Table 2.3 Calculated amorphous γ-Al2O3 critical oxide thickness for fracture due to primary oxide 
penetration, using analysis of Manning [98] and data of Grosskreutz [97]. Reproduced from [88]. 
Test environment, Pa Primary oxide radius, nm hcrit, nm 
1.013 × 105 (“wet”) 100 (520°C) 29.4 
 50 (480°C) 19.3 
 25 (400°C) 11.6 
1.33 × 10-4 (“dry”) 100 (520°C) 18.9 
 50 (480°C) 12.2 
 25 (400°C) 7.5 
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 Moskovits investigated oxidation in a novel way, by directly exposing molten aluminium to an oxy-
gas flame [68]. Solid coupons of 1200 grade aluminium with dimensions 2”×1”×0.062” 
(~51×25×1.6mm) were exposed to the flame for a set time and the weight, upon cooling, was 
recorded and compared to the initial coupon weight of ~5.7g. The author stated that a stable α-
Al2O3 film formed on the melt and grew to a limiting thickness within 30 seconds. In some 
experiments, when the oxide film on the melt surface was ruptured, either deliberately or naturally, 
a violent reaction took place and a tree-like oxidation structure grew out from the melt surface 
(Figure 2.32). The rest of the paper is concerned with describing the structure and kinetics of this 
oxidation phenomenon. The oxide structure itself consists of a hollow core, filled with metal, with 
many branches growing off in random directions. The hollow core allows molten metal, through 
capillary pressure, to wick up through the structure and exude out the tips of the branches. The 
reaction continued as long as the flame was applied, and would cease within a few seconds of 
removal of the flame. It was determined that the effect of the flame on the reaction was not so much 
a source of heat, but a source of oxidant supply (oxygen or water vapour) to maintain the reaction. 
If the reaction was allowed to continue to completion, it was found that the structure was porous 
and contained little metal, indicating that nearly all the molten metal had been consumed as oxide. 
X-ray diffraction analyses indicated that the major component of the oxidation product was α-
Al2O3, with some traces of δ-Al2O3, γ-Al2O3 and AlN. The reaction product was found to have 
melted in localised regions during the reaction, indicating that local temperatures exceeded 2040°C, 
the melting point of α-Al2O313F14. The weight gain of oxidation reactions taken to completion (i.e. 
complete consumption of the molten metal) is given in Figure 2.33 and shows the weight increases 
exponentially over the range of times investigated (up to 2 minutes). The author derived an equation 
to describe the oxidation kinetics, based on a number of physical parameters of the oxide structure 
as well as empirically determined parameters: 
𝑊𝑊 = 𝑎𝑎𝑚𝑚 + �𝜌𝜌𝑘𝑘𝐴𝐴𝑏𝑏𝑎𝑎
𝐴𝐴𝐶𝐶
� 𝑚𝑚2 Equation 2.13 
where W is the weight gain at time t, ρ is the active-branch density per unit area, Ab is the cross-
sectional area of a branch, Ac is the cross-sectional area of the central core, a and k are empirically 
determined constants. 
14 The reported melting temperature of α-Al2O3 varies around ~2050±10°C. 
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Figure 2.32 (a) Oxide structure and remains of the aluminium coupon resulting from the oxidation reaction 
described. The structure is ~4cm high. (b) Simplified view of the oxidation structure showing the 
central core, one branch, and (dotted) the envelope marking the lateral extent of growth. 
Reproduced from [68]. 
 
Figure 2.33 Total weight gain as a function of time for 1200 grade aluminium coupons exposed directly to an 
oxy-gas flame. Points are experimental data, the line is the empirically fitted curve W = at + bt2. 
Reproduced from [68]. 
Cochran et al. [86, 87] described an investigation into the oxidation of molten aluminium alloys 
containing 1-14% magnesium at temperatures from 660-850°C, in atmospheres of varying 
composition. Machined cylinders ~32mm diameter and 6mm thick were cleaned with benzene and 
placed in an alumina crucible inside a quartz tube attached to a microbalance. The quartz tube was 
evacuated at room temperature for between 20 min to 16 h. The test atmosphere was then 
introduced into the quartz tube, which was then placed into a preheated furnace. At this time 
(a) (b) 
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 continuous recording of the weight was begun, with the zero point being the moment the specimen 
entered the furnace. Three temperature regimes were used. In the first, the temperature was held 
constant for a given duration; in the second, the specimen was preheated to a temperature below the 
liquidus before raising the temperature above the melting point for the rest of the experiment 
duration; and in the third, the temperature was increased to the melting point and then increased 
continuously at a constant rate of 2-20°C/h. Experiments were often continued until all the 
magnesium was consumed as an oxide, as determined by a theoretical weight gain limit for 100% 
conversion of Mg to MgO or MgAl2O4. 
The oxidation behaviour was characterised by an initially low rate oxidation rate. X-Ray Powder 
Diffraction (XRD) analyses identified the oxide as being mostly amorphous MgO, although small 
amounts of crystalline MgO was present in some experiments. After some incubation period, the 
weight gain was observed to rapidly increase in breakaway oxidation. The oxide present in 
specimens after the breakaway event was found to be crystalline MgAl2O4 (spinel), suggesting that 
the breakaway was related to the formation of the crystalline oxide.  
Figure 2.34 shows typical weight gain curves for an Al-1.83Mg alloy at 660-850°C in air with a 
dew point of 0°C. The theoretical weight gain limits for complete reaction of Mg to form MgO or 
MgAl2O4 are shown, as well as the estimated amounts of the two magnesium oxides determined by 
XRD analyses. The curves appear to have a lot of scatter, with inconsistent trends. For example, 
generally, oxidation rate increased with temperature, but the curve at 660°C (curve H in Figure 
2.34) showed significantly higher weight gains than for the curve at 725°C (curve F in Figure 2.34) 
and the authors reported the appearance of the oxide was difficult to reproduce, even under 
ostensibly identical experimental conditions. For this particular set of experiments, no repeat curves 
were presented, so the reproducibility of the curves is uncertain. Exacerbating the issue is the fact 
that each set of experiments was carried out using a different alloy composition, and often a 
different temperature, making direct comparisons of the different data sets problematic. 
Despite these limitations in interpreting the data, the authors identified some general trends. They 
noted that the early part of the curves showed a low oxidation rate. XRD analyses identified the 
oxide present during this region as amorphous MgO, although in some experiments traces of 
crystalline MgO were found. After some incubation period, that appeared to decrease with 
increasing temperature, the weight gain rate increased rapidly in breakaway oxidation, analogous to 
that observed for pure aluminium. The authors also noted that the incubation period tended to 
decrease with increasing Mg content in the alloy, but did not provide any example weight gain 
curves to illustrate this. 
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Figure 2.34 Weight gain of Al-1.83Mg at 660-850°C in air (dew point = 0°C). The dashed lines give the 
theoretical limit for complete conversion of available Mg to MgO and MgAl2O4. Reproduced from 
[87]. 
At longer exposure times, the oxidation rate was seen to decrease to a plateau. In several of the 
curves, the weight gains at this terminal region were noted to correspond to the theoretical weight 
gain limit for complete reaction of Mg to MgAl2O4, while the lower temperature curves generally 
ceased prior to reaching the limit for MgO formation. Although it could be argued that some of 
these curves (specifically, curves E and F in Figure 2.34) may have reached the weight gain limit if 
the experiment was continued to longer times. 
XRD analyses showed that after the breakaway event, the oxide was composed of crystalline 
MgAl2O4, suggesting that it was the formation of the crystalline phase that was responsible for the 
onset of breakaway oxidation. The authors explored this by “seeding” a molten Al-2.08Mg alloy 
with oxide particles (MgO or MgAl2O4) produced by the complete oxidisation of specimens in other 
experiments. Figure 2.35 shows that seeding reduced the incubation time to breakaway oxidation 
from about 2-10 hours to as little as ~20 minutes. This suggests that the amorphous layer is 
protective, and the nucleation of the crystalline magnesium oxide phases occurs beneath the 
amorphous layer at the metal/oxide interface, as suggested by Field et al. [88] and shown in Figure 
2.31. Again, this behaviour is analogous to that in pure aluminium melts, with the difference that in 
pure aluminium it is the formation of crystalline α-Al2O3 (rather than crystalline MgO or MgAl2O4) 
that initiates breakaway oxidation. 
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Figure 2.35 The effect of seeding Al-2.08Mg alloy, at 750°C in air (dew point = 0°C), with oxide particles taken 
from fully oxidised specimens. Seeding reduced the incubation time from 2-10 h to as little as ~20 
minutes. Reproduced from [86]. 
Cochran et al. also explored the effect of trace additions of beryllium and sodium in separate sets of 
experiments14F15. Sodium additions from 0.0002-0.003% were added to a Al-0.7Mg alloy melt at 
725°C, while beryllium additions from 0.0001-0.01% were added to a Al-3.5Mg alloy melt at 
800°C in air. Sodium additions increased the time for all the magnesium to be consumed as oxide 
(Figure 2.36), although the authors noted that for times less than 4 hours, the highest sodium 
content of 0.003% resulted in the most oxide forming and thus sodium was considered 
inappropriate for controlling oxidation at short times. Beryllium additions significantly retarded the 
weight gain and delayed the onset of breakaway oxidation to times greater than 46h, and the delay 
increased with Be content (Figure 2.37), although the authors stated that without any beryllium, 
breakaway oxidation started shortly after melting. Seeding the melt with crystalline MgAl2O4 
negated the protective behaviour of the Be. The authors suggested that the beneficial effect of Na 
and Be was due to them preferentially oxidising from the alloy at the melt surface, rather than the 
Mg, thus delaying the breakup of the protective amorphous oxide film. 
The effect of boron additions were also investigated on an Al-4.5Mg alloy at 750°C in air (dew 
point = 27°C). Unlike with sodium or beryllium, boron additions to the melt had no effect on the 
oxidation behaviour. It was only when boron was “dusted” on the melt surface that it was found to 
15 It is well known that magnesium dramatically increases the oxidation and dross formation on aluminium melts, and 
beryllium was historically used by industry to prevent oxidation of these alloys. Anecdotally, distributing relatively 
small amounts of beryllium powder over a melt surface is sufficient to completely prevent oxidation. Over the past few 
decades, the use of beryllium has ceased due to its toxic health effects. Nevertheless, understanding the effect of 
beryllium may help to elucidate the oxidation mechanisms. Similarly, anecdotal evidence has suggested that sodium 
also has a retarding effect on oxidation, but in practice it is difficult to control sodium content in the melt as it 
vapourises rapidly due to its high vapour pressure, and so is an unreliable candidate for oxide prevention.  
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 decrease oxidation. A dusting of 3.1mg of boron reduced the weight gain from 3.35% after 5 h (i.e. 
with no boron) to 0.06% after 73 h. Electron-probe X-ray Microanalyses (EPMA) found boron, 
oxygen, magnesium and aluminium in the oxide film, but no boron-containing phases were 
identified with XRD analyses. The authors’ explanation for this behaviour was not clear, but they 
seemed to suggest that boron did not preferentially oxidise from the melt at the melt surface, thus it 
could only have an effect when applied directly to the surface and allowed to oxidise there. 
 
Figure 2.36 The effect of trace additions of Na to Al-0.7Mg melt at 725°C. The time for oxidation to completely 
exhaust the Mg supply increased with increasing Na content. Reproduced from [87]. 
 
Figure 2.37 The effect of trace additions of Be on the weight gain of an Al-3.5Mg alloy melt at 800°C in air. Be 
additions as low as 0.0001% significantly retarded oxidation, the effect increasing with the Be 
content. Seeding the melt surface with magnesium oxides negated the protective behaviour of the 
beryllium. Reproduced from [87]. 
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 By using atmospheres of O2 mixed with CO2 in various ratios, Cochran et al. observed that the CO2 
significantly inhibited oxidation in an Al-9.83Mg alloy at 750°C (Figure 2.38). CO2 concentrations 
of 50% or less showed breakaway oxidation within the first half hour, while increasing the CO2 
concentration to 65% or more prevented breakaway oxidation for times up to 16-18 hours. 
Substituting the CO2 with Ar did not result in the same beneficial effect, suggesting that the CO2 
had a direct effect on oxidation and was not just acting to dilute the O2 concentration. This result is 
of significant practical importance since, in practice, industrial reverberatory furnaces are often gas 
fired, with the combustion products (which contain significant amounts of CO2) coming into direct 
contact with the melt surface. 
In a series of related experiments on an Al-2Mg melt at 750 and 800°C, Cochran et al. found that N2 
additions to an O2 atmosphere enhanced the protective ability of the oxide, and delayed the onset of 
breakaway oxidation to longer times (Figure 2.39). Substituting the N2 with Ar failed to show the 
same improved resistance to oxidation, suggesting that the N2, like CO2, was having a direct effect 
on oxidation and was not just acting to dilute the O2 concentration. The authors noted that no nitride 
phases or carbide-containing phases (for specimens subjected to, respectively, N2 and CO2 
atmospheres) were found in the oxide by XRD and so the mechanism(s) by which CO2 and N2 
enhance the protective ability of the oxide remain unclear. 
 
Figure 2.38 The effect of air mixed with Ar or CO2 on weight gain of an Al-9.83Mg alloy at 750°C. Adding CO2 
to air delayed the onset of breakaway oxidation, while adding Ar to air had limited effect. 
Reproduced from [87]. 
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Figure 2.39 The effect of various atmospheres on weight gain of an Al-2.08Mg alloy at 750 and 800°C. Adding 
N2 to O2 atmospheres delayed the onset of breakaway oxidation, while adding Ar to O2 had very 
little effect. Reproduced from [87]. 
Cochran et al. explored a large number of variables through their experiments, often 
simultaneously, and as a result the weight gain curves showed a lot of scatter and cannot be 
described easily. However, the authors summarised their major findings in a schematic weight gain 
curve (Figure 2.40) illustrating the effect of the investigated variables on the duration of the 
incubation period prior to breakaway oxidation, although there was no significant attempt to explain 
the mechanisms behind the observed behaviours. 
 
Figure 2.40 The effect of various experimental parameters on the incubation period duration prior to 
breakaway oxidation of molten Al-Mg alloys. Reproduced from [87]. 
Silva and Talbot [89] in a paper based on a PhD thesis by Silva [79], investigated the oxidation 
kinetics of molten Al-Mg alloys, with Mg concentrations ranging from 1.3-9.3%, at temperatures up 
to 725°C in an oxygen/helium mixture, and characterised the resulting oxide films. The authors 
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 questioned the validity of previous work in the literature because of uncertainties inherent in the 
experimental techniques used and identified three sources of uncertainty. The first of these was the 
use of thermogravimetric equipment that had insufficient sensitivity to observe the very earliest 
stages of oxidation. Secondly, they recognised that the oxidation behaviour of molten metal was 
affected by the initial oxide that formed during heating to the melting temperature and, finally, that 
the selective oxidation of Mg from the melt changed the nominal alloy composition during an 
experiment. The authors developed a technique to avoid these three sources of error for the 
purposes of generating new data that was more reliable than what was available in the literature at 
the time, to provide a more robust basis for investigating the fundamentals of oxidation of Al-Mg 
alloys. 
The authors addressed the first of these issues by using a microbalance with 1μg sensitivity. The 
specimen was placed in an alumina crucible, suspended from the microbalance with a silica 
filament, enclosed in a vacuum chamber to enable precise control of the atmosphere. The 
atmosphere used was an oxygen/helium mixture with 21% oxygen content (i.e. the same oxygen 
content as air, but using helium instead of nitrogen) and a dew point of 90 K. The helium was used, 
rather than nitrogen, as the former has a lower density which results in less interference in the 
weight measurement due to convection currents in the furnace atmosphere. A schematic of the 
apparatus is given in Figure 2.41. 
 
A Sample chamber 
B Microbalance tube 
C Vacuum-tight joint 
D Alumina crucible and specimen 
E Silica suspension filament 
F Thermocouple 
G Radiation shield 
H Furnace 
J Vacuum gauge 
K Manometer 
T Taps 
Figure 2.41 Schematic diagram of the apparatus used by Silva and Talbot for continuously measuring mass 
changes of a molten Al-Mg alloy. Reproduced from [89]. 
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 In addressing the other two issues, the authors stressed the importance of minimising oxidation and 
magnesium evaporation prior to starting a measurement. They placed the specimen inside the 
furnace chamber, at room temperature, evacuated the chamber down to <10-5 Pa, then filled the 
chamber with helium. The furnace was then heated to the desired temperature and the system was 
considered to be stable once the mass of the specimen remained constant indefinitely, although the 
authors do not explicitly state how long the stabilisation took. Only then was oxygen introduced 
into the furnace atmosphere, in the ratio mentioned above. The duration of the experiments was 
limited to two hours to limit magnesium depletion. 
The specimens were machined cylinders of 16mm diameter and 6mm thickness. The authors noted 
that for specimens with liquid fractions greater than ~0.5, the specimens’ cylindrical shape was not 
maintained, but would retract from the crucible walls during testing due to the surface tension of the 
liquid, exposing all of the specimen faces to the oxidising atmosphere. The curved face of the 
cylindrical specimens showed an oxidation product similar to the upper surface, and the lower 
surface showed some oxidation also, as it bowed up from the base of the crucible. The bottom face 
was not completely exposed, however, so the authors calculated an effective area of the bottom face 
by comparing the weight gain of specimens tested sitting flat on the crucible to those standing on 
their edge. In all cases, the specimens tested standing on their edge experienced greater oxidation 
than those tested lying flat, so a correction factor was applied to the weight gains of those tested 
lying flat, providing an effective exposed surface area of the bottom face. The effective area of the 
bottom face was calculated to be 0.25 of its actual area (i.e. one quarter of a circle), so the total 
surface area, A, of a specimen was given by: 
𝐴𝐴 = 𝜋𝜋1.25𝐺𝐺2 + 2𝜋𝜋𝐺𝐺ℎ Equation 2.14 
where r is the cylinder radius, and h is the cylinder height. 
The results of Silva and Talbot’s oxidation experiments on Al-3.1Mg, Al-5.1Mg, and Al-7.4Mg 
alloys are given in Figure 2.42. The authors noted a difference in the oxidation behaviour for 
temperatures above the liquidus temperature (i.e. the specimen was fully molten) and for 
temperatures between the solidus and liquidus, where the specimen was partially liquid. At lower 
temperatures, where the specimens were only partially molten, the weight gain decreased 
continuously over time and showed no breakaway oxidation, for all Mg concentrations tested. At 
fully liquid temperatures, the authors found that the oxidation kinetics followed one of two modes 
(Figure 2.42). In mode A the oxidation rate (i.e. the gradient of the weight gain curve) decreased 
continuously over the time scale investigated, which the authors corresponded to the diffusion-
controlled growth of a coherent, protective oxide film. In mode B the oxidation rate initially 
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 behaved as in mode A, but after some incubation time, the duration of which decreased with 
increasing temperature and Mg content, the oxidation rate increased rapidly. The higher Mg-content 
alloys showed behaviour corresponding to mode B (Figure 2.42(b) and (c)). This oxidation 
behaviour agrees with that described by Cochran [88], described earlier. 
  
 
Figure 2.42 Mass gain as a function of time of molten (a) Al-3.1Mg, (b) Al-5.1Mg and (c) Al-7.4Mg alloy, 
showing that the mass gain increases with Mg content. At low temperatures or Mg content, the 
oxidation rate decreases continuously over the times investigated. At high temperatures or Mg 
content, the oxidation rate initially decreases, but then rapidly increases after some incubation time 
that decreases with increasing temperature and Mg content. Reproduced from [89]. 
The oxide that formed on all specimens was identified as MgO by X-ray diffraction and electron 
diffraction analyses. The oxide was found in both crystalline and amorphous forms, the latter of 
which was identified by elemental analyses using Scanning Transmission Electron Microscopy 
(STEM) and Energy Dispersive X-ray Spectroscopy (EDX). In the fully liquid specimens, the oxide 
film during the early, protective part of the weight gain curves was amorphous MgO, and the onset 
of breakaway oxidation was attributed to the nucleation and growth of the more thermodynamically 
stable crystalline phase. 
(a) (b) 
(c) 
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 The authors commented that it is to be expected that the first oxide formed on the melt surface 
would be amorphous as the disordered structure of the liquid metal beneath provides no particular 
orientation for the oxide to grow from. They also gave a justification as to why the transformation 
from amorphous to crystalline MgO reduced the protective ability of the film. They stated that a 
charge carrying species (i.e. Mg2+) will generally have a lower mobility in an amorphous material 
compared to a crystalline one, thus the diffusion kinetics of the crystalline phase are faster. 
Diffusion is also faster in the crystalline oxide due to the presence of grain boundaries which can 
provide short-circuit diffusion paths. And finally, they state that the amorphous oxide is 
mechanically disrupted due to growth stresses arising from the volume difference between the 
amorphous and crystalline phases. 
In contrast to the oxidation of the fully liquid specimens, for the partially molten specimens the first 
oxide to form was found to be crystalline and it remained crystalline through the duration of the 
experiment. Thus, there was no amorphous to crystalline transformation and thus, no breakaway 
oxidation event. The crystalline oxide was not as protective as the amorphous oxide, so oxidation in 
the partially-liquid state (i.e. below the liquidus) tended to be higher than in the completely liquid 
state (i.e. above the liquidus). This was a significant finding because it runs counter to the general 
observation that weight gain increases with temperature. The authors explained this counter-
intuitive observation by suggesting that since the solid, crystalline particles in the partially-liquid 
specimens have an ordered lattice structure, they can induce nucleation of the crystalline MgO 
phase, effectively seeding the melt and ensuring that the first oxide that formed was crystalline. 
Hinton and co-workers [94] investigated the effect of binary elemental additions to superpure 
(99.9999% pure) aluminium melts at 750°C (Figure 2.43). Hinton used the alloys Al-4%Mg, Al-
7%Si, Al-4%Cu, and Al-1%Fe. The alloys containing Cu, Fe or Si showed a significant reduction in 
the extent of oxidation, compared to the pure aluminium. It was suggested that these elements 
suppress microstuctural changes in the oxide film that cause breakaway oxidation, although the 
possible mechanism by which this might occur were not discussed. The alloy containing Mg 
showed a significant increase in oxidation. Hinton suggested that the increased oxidation rate of  the 
Al-4%Mg may have been due, at least in part, to the porous oxide that was observed (ie. a porous 
film can enhance oxygen mass transport). 
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Figure 2.43 Thickness of oxide films grown on molten superpure aluminium (99.9999% pure), and binary 
aluminium alloys at 750°C. The alloys containing Cu, Fe or Si exhibited less oxidation than pure 
aluminium, while Mg increased the oxidation relative to the pure aluminium. Reproduced from 
[94]. 
2.4.5 Medium and large-scale experimental studies 
Although cascade pouring is considered the major contributor to dross formation in primary 
aluminium smelters (see section 2.2) , even higher dross levels are possible in secondary remelt 
smelters, especially those remelting Al-Mg alloy scrap. Therefore the medium to large-scale studies 
have focussed on both of these areas. 
Wenz [99] made the observation that melt loss during the melting of Al-Mg alloy scrap is of 
concern to both primary and secondary aluminium production, but that there was only a limited 
amount of literature on melting of these alloys in real furnace atmospheres. To address this, Wenz 
conducted experiments in a large scale (relative to the typical laboratory scale oxidation studies 
reviewed in section 2.4.4), natural gas fired furnace. The furnace was set up such that a gas burner 
was fired downward into the furnace chamber above a free-standing hearth, with an inner diameter 
of 1.25 ft (380mm) containing the metal charge. A schematic of the experimental rig is shown in 
Figure 2.44. The hearth was separated from the furnace chamber, and mounted on an electronic 
scale so that the mass change of the metal could be continuously recorded. The temperatures of the 
metal, refractory surface, furnace shell, combustion air and stack gas were continuously monitored 
and recorded with thermocouples. 
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Figure 2.44 Laboratory scale gas fired furnace for melting Al-Mg alloy scrap. (a) Schematic and (b) 
photograph. The gas burner was fired directly downward into the furnace chamber, and the mass 
of the free-standing hearth was continuously recorded by an electronic scale. Reproduced from 
[99]. 
Small scale experiments were carried out using 14 lb (~6.4kg) charges of 0.2 in (5mm) gauge Al 
alloy 5182 (Al-4.5% Mg [100]) scrap, and weights were measured to the nearest 0.002 lb (0.9g). 
The effect of holding time on weight gain is shown in Figure 2.45. Wenz observed that there was an 
initial incubation period of relatively low weight gains, the duration of which decreased with 
increasing temperature, after which breakaway oxidation15F16 was observed. Although not shown on 
the graph, Wenz reported that no breakaway oxidation was observed at temperatures below 1400°F 
(760°C), for hold times up to 6 hours. These observations are consistent with laboratory scale 
oxidation studies discussed in section 2.4.4. This suggests that the laboratory scale studies, although 
generally conducted under well-controlled, idealised conditions, are capable of representing certain 
aspects of dross formation in real gas fired furnaces. XRD analyses showed that the oxide formed 
on the melt were composed of MgO and MgAl2O4,while in some cases when severe oxidation 
occurred, the oxide was mostly composed of Al2O3 and MgAl2O4. This is consistent with the 
general observation that Mg preferentially oxidises first, and after all the Mg from the alloy has 
been consumed, the less reactive Al can then oxidise. 
Wenz [99] noted unexpected behaviour in data in Figure 2.45 where the weight gain at 1600°F 
(871°C) was less than that at 1460°F (793°C). In a related observation, Wenz also noted that the 
16 Breakaway oxidation is a rapid increase in the oxidation rate, with a corresponding increase in temperature due to the 
exothermic nature of the oxidation reaction. 
(a) (b) 
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 appearance of the breakaway oxide at 1600°F (871°C)  was different to that formed at the lower 
temperatures. The oxide formed at both temperatures was composed of the same species, MgO and 
MgAl2O4, but the oxide formed at 1460°F (793°C) and below showed very deep depressions in and 
rough protrusions from the melt surface, while the oxide formed at 1600°F (871°C) was relatively 
smooth and contiguous. Wenz suggests that this unusual behaviour is not an artefact or 
experimental variability but indicates a change in the oxidation mechanism above 1600°F (871°C), 
but did not provide an explanation as to what might be the cause of such a phenomenon. 
 
Figure 2.45 Weight gain of Al-Mg alloy scrap melted at various temperatures. After an initial incubation period 
that decreased with temperature, breakaway oxidation was observed. Reproduced and modified 
from [99]. 
Wenz [99] conducted larger scale experiments using 115 lb (52kg) charges of scrap of the same 
composition, and in these cases weights were recorded to the nearest 0.05 lb (23g). A mixture of 
three different gauges of scrap was used in these large scale experiments: 48% 1 in (25mm) gauge, 
48% 0.1 in (2.5mm) gauge and 4% 0.0135 in (0.34mm) gauge. The different gauges of scrap were 
placed into the hearth in layers, in different orders for different experiments, melted at 1300°F 
(704°C) and kept at temperature for 4 h. Results of the total mass change after 4h, for various heat 
input rates to the gas burner are shown in Figure 2.46. The author acknowledged that there was an 
unusual variation in the amount of skim generated as a function of heat input, and stated that it was 
likely due to the particular characteristics of the furnace. Wenz did note a general trend that seemed 
to indicate that the amount of generated skim increased when thinner gauge scrap was at the top of 
the charge, though was unable to account for this behaviour. This may be related to the effect of 
“seeding”, which is discussed in section 2.4.4, where deliberately introducing oxide seed crystals to 
(793°C) 
(871°C) 
(760°C) 
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 a melt increased the subsequent oxidation rate. The lighter gauge scrap has a larger specific surface 
area than heavier gauge scrap and so may have a higher potential to seed further oxide growth, 
although this is only speculation. Again, this highlights the significant effect of the residual oxide 
on the final oxidation behaviour16F17, both in large scale experiments as well as in the highly 
controlled, laboratory scale experiments discussed in section 2.4.4. 
 
Figure 2.46 Effect of thickness of scrap on top of a charge of mixed gauge scrap, on the amount of skim 
generated during melting of an Al-Mg alloy. Greater masses of skim were generated when the 
smaller gauge scrap was on the top of the charge. Reproduced from [99]. 
Stevens et al. [101] provided a historical and modern review of dross formation. They began by 
saying that dross formation is a significant issue in the melting of aluminium and should be a major 
concern for industry, since reducing dross has an impact on reduction in cost, waste of valuable 
metal, energy use and environmental impact. The authors noted that dross can be reprocessed to 
recover metallic aluminium, and that two decades earlier (ca. ~1983) it was only possible to recover 
~30% of processed dross as metallic aluminium, while it was typical nowadays (i.e. 2003) to 
achieve metal recovery rates of 65-75%. The authors attributed this improvement in metal recovery 
to better control of the recovery process, improved furnace design and, in the cast house, dross 
cooling techniques to prevent further oxidation of the dross after it has been removed from the 
furnace, which maintains a higher metal content in the dross. While there have clearly been 
improvements in dross processing and metal recovery, it was noted that there is still room for 
17 The presence of initial oxide has been observed to increase the rate of subsequent oxidation, as discussed in section 
2.4.3 
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 improvement, as dross formed on direct fired melting furnaces can contain >90% metallic 
aluminium. The authors stated that the costs of reprocessing dross has been estimated (in 2003) at 
~$250/t, and can cost a large smelter in the order of $5m per year. Although the actual cost of 
reprocessing will vary depending on the particular characteristics of the dross produced by a 
specific smelter, the cost is significant, and is another incentive to minimise dross formation in the 
first place. 
The authors observed that, historically, much of the research effort into dross formation was carried 
out in small-scale experiments using thermogravimetric methods to measure the mass change over 
time, under various experimental conditions, and that the work was largely focussed on Al-Mg 
alloys rather than pure aluminium. They noted that this body of literature showed that the measured 
oxidation rates do not appear to behave in any logical pattern, commenting that under some 
conditions dross can be almost non-existent, while under other conditions the molten metal can be 
covered in an oxide coating so thick that it can act as an insulating layer that prevents the melt from 
being heated up to casting temperature. 
Stevens et al. presented what they described as a selection of typical oxidation data for pure 
aluminium and alloys containing up to 4% magnesium, at 700 and 800°C (Figure 2.47). They did 
not describe the experimental conditions. The weight gains during oxidation are presented in mg, 
with no indication of the exposed surface area, precluding a quantitative comparison with other 
data. 
 
 
Figure 2.47 Weight gain of some molten Al-Mg alloys in air at (a) 700°C and (b) 800°C. After an initial rapid 
weight gain, further weight gains are fairly linear with time, and weight gain increases with Mg 
content. In low Mg content alloys at 800°C, there is a second rapid weight gain (breakaway). The 
source document did not have a caption and time scale in (b). Reproduced from [101]. 
Figure 2.47 shows the weight gain at 700°C increases fairly linearly with time, after an initial rapid 
oxidation event, with the higher Mg alloys experiencing higher weight gains. The curves for 800°C 
do not show a legend, but the authors state that the two curves that show a second rapid oxidation 
(a) (b) 
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 event correspond to the alloys with low Mg content. This breakaway oxidation at 800°C was 
attributed to the presence of spinel (MgAl2O4), rather than magnesium oxide, present in the dross at 
700°C. The authors commented that the breakaway oxidation is characterised by an abnormally 
thick oxide layer. The authors reviewed some data from selected key papers [72, 73, 86, 89, 99] 
from the literature, which are individually reviewed in detail in other parts of this literature review. 
In reviewing the work of Silva and Talbot [89], Stevens stated that breakaway oxidation occurred 
immediately (i.e. with no incubation period) when the melt was between the solidus and liquidus 
temperatures. This observation is not strictly true: while Silva and Talbot did show that in this 
regime oxidation did occur immediately, it was not breakaway oxidation (see Figure 2.42, section 
2.4.4)  as the rate of this initial oxidation event continuously decreased over the times investigated 
and breakaway oxidation necessarily involves an increase in the oxidation rate over time. 
Stevens et al. investigated the effect of gauge on scrap metal melting in a purpose built pilot-scale 
melting furnace [101, 102]. Solid charges weighing 40-60 kg were melted in the gas-fired furnace 
then held at a constant temperature for 10 hours. The authors did not specify the temperature used. 
The charges were composed of various metal products of different gauge. The gauge of each metal 
product charge is shown in Table 2.4. The composition of the billet ingot alloy was not stated, only 
that it was a low Mg alloy. The authors stated that the data in Table 2.4 indicated that the amount of 
dross formed decreased with increasing gauge, but what they neglected to comment on was that the 
higher gauge products they used had lower Mg contents than the lighter gauge products. Since it has 
been well established that oxidation and dross formation tends to increase with the magnesium 
content of the alloy (see section 2.4.4), it is uncertain whether the lower amount of dross formation 
was due entirely to the increase in gauge or a reduction in Mg content. 
Table 2.4 Gross metal loss of different gauge metal products melted in a gas-fired furnace. Data from [101]. 
 Metal Product 
 Cold mill Plate mill Rod Billet ingot 
Gauge (mm) 0.23 5.0 12.7 110 
% Gross metal loss 13.6 4.2 1.7 1.3 
Mg alloy content (%) 4.5 4.5 ~1 low 
 
These investigations into the effect of gauge on dross formation are significant, as they demonstrate 
that the amount of oxidation and, consequently, dross formation on molten metal, is affected by the 
amount of oxide on the initial solid charge. The actual means by which the oxide on the solid metal 
has an effect is not entirely clear. It seems that the additional dross formed by using a light gauge 
charge is more than what would be expected simply by the additional oxide on said light gauge 
charge material (due to its higher specific surface area). It seems that the oxide on the solid charge 
58 
 
 may have an additional effect in nucleating, or by some other means inducing, more oxide to 
subsequently form. This has particular significance for the thermogravimetric oxidation studies 
described in section 2.4.4, where solid specimens are melted and studied isothermally. In these 
types of studies, the initial state of the oxidation will necessarily affect the subsequent oxidation 
kinetics, and is a major contributor to the significant variance between different studies and the 
associated difficulties in comparing their data. 
Baker et al. [103], in a unique study, designed an apparatus to investigate dross formation during 
the cascading transfer of a non-trivial amount of molten aluminium from one furnace to another. 
Figure 2.48 shows a schematic of the apparatus. The apparatus consisted of two resistance heated 
furnaces, arranged one above the other, with the upper furnace able to be hydraulically moved up 
and down. The upper furnace contained ~44kg of molten aluminium. A transfer tube was arranged 
between the two furnaces such that molten metal could drain out from the bottom of the upper 
furnace into the top of the lower furnace through the transfer tube, and the flow of metal was 
controlled by a plug in the bottom of the upper furnace. The transfer tube was positioned above the 
melt surface of the lower furnace so that the molten metal stream could freefall a certain distance, 
the cascade height (denoted “x” in Figure 2.48), before contacting the melt surface of the lower 
furnace. As the height of metal in the lower furnace increased, the upper furnace was raised 
vertically, so as to maintain a constant displacement of the transfer tube above the melt surface in 
the bottom furnace. This enabled the effect of cascade height to be investigated. 
 
Figure 2.48 Schematic diagram of an apparatus for pouring molten aluminium across a constant cascade 
height. Molten metal drains from the upper furnace, through a transfer tube and into the lower 
furnace. The cascade height, x, is maintained at a constant value by raising the upper furnace 
continuously as metal is transferred. From [103]. 
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 Dross collection was achieved by lining the lower furnace with a fibreglass screen liner, which was 
removed after the melt transfer, allowing molten metal to drain through. Any material captured by 
the liner was considered to be dross. The initial weight of the liner was subtracted from the weight 
of the liner/dross, and the difference was considered to be the mass of dross formed. The authors 
noted that a certain amount of Al metal and oxide will be retained by the liner for even the cleanest 
melt, so they conducted the dross collection procedure on a quiescent melt and weighed the amount 
of material collected by the liner. This mass of skim was defined as having “zero” dross, i.e. the 
baseline level. Of course, this baseline mass necessarily contained a finite amount of oxide. 
A series of experiments were performed to determine the effect of cascade height, ranging from 0-
278mm, on the amount of dross generated. The results are shown in Figure 2.49. In interpreting the 
results, the authors proposed that there are three ways in which the cascade height affects the 
amount of dross formed. They stated that increasing the cascade height: 
• increases the plunge velocity; 
• increases, in direct proportion, the free surface area of the melt for reaction; and 
• may exceed a critical value for breakup of the melt stream, causing a discontinuous jump in 
the surface area. 
The authors noted that the plunge velocity did not vary significantly over the range of conditions 
tested: the plunge velocity 6.35 m/s at a cascade height of 0 mm, and 6.76 m/s at a cascade height of 
275 mm. They then commented that both the first and third of these factors should result in a step 
increase in the amount of dross formed, while the second one should result in a linear relationship 
between cascade height and amount of dross formed. The linear behaviour shown in Figure 2.49 led 
the authors to conclude that the first and third factors were not significant in these experiments, and 
so they proposed a simple model by considering the cascade stream to continuously generate fresh 
surface area, and that the oxide formed on the falling metal effectively forms a skin which is carried 
down by the falling stream. They then estimated the total amount of area created during a test, AT, 
as follows: 
𝐴𝐴𝑇𝑇 = Σ𝑚𝑚 𝑣𝑣ℎ𝑐𝑐[𝜋𝜋𝐷𝐷𝑠𝑠ℎ𝑒𝑒] Equation 2.15 
where t is the time of flight of a stream segment, v is the average velocity of the falling stream, hc is 
the cascade height and Ds is the diameter of the falling stream. Using their data they then estimated 
the total surface area created as 5.81 m2, and then using this they estimated the oxidation rate of 
10.9 g/m2/s. They noted that this value seems to be high compared to other reported results, but that 
this calculated value is for a very short time-scale, less than 50 ms, and oxidation rates at such short 
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 times are expected to be higher than at longer times since the oxide forms a protective barrier that 
slows oxidation rates down over time. 
 
Figure 2.49 The effect of cascade height (mm) on the amount of dross generated. From [103]. 
The authors concluded that it was not the cascade height, in and of itself, that increased the amount 
of dross that formed. Rather, it was that an increased cascade height resulted in a longer time of 
flight for a particular surface area element of molten metal, thus exposing the element to air for a 
longer time, which allowed a larger amount of oxide to form before the element contacted the melt 
surface. An important omission from Baker et al.’s analysis of their results was that all the oxide 
was considered to form on the free-falling surface only, so that any further oxide that formed on the 
melt surface during the remainder of the transfer or during the collection stage was not considered. 
Thus, the calculated oxide may be significantly over-estimated and, therefore, the oxidation rate 
would also be artificially high. 
Taylor et al. [104-107] used an approach similar to that of Freti et al. [15] to investigate short time 
oxidation of pure aluminium in air at 750-900°C. Recognising the limitations of thermogravimetric 
methods, Taylor et al. commissioned an experimental skimming apparatus based on Freti’s design. 
Freti et al. provided no details on the design of their apparatus, so Taylor et al. had to design their 
apparatus essentially from scratch, and made several modifications before completing the final 
apparatus, as shown in Figure 2.50.  
The final skimming apparatus of Taylor et al. consisted of an open melt vessel of refractory material 
(Pyrotek N17 fibre board) with a high-temperature stainless steel (grade 253MA) plate as a base. 
The internal dimensions of the melt chamber were ~270×190×65 mm. The rig could hold ~8 kg of 
molten metal, with an exposed melt surface area of ~513 cm2 (0.0513 m2), significantly larger than 
Freti’s 200 cm2. 
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Figure 2.50 Oxide skimming apparatus of Taylor et al [104-107], based on a design by Freti [15]. (a) A 
skimming blade was skimmed along the melt surface, drawing oxide along with it that was 
deposited in a trough (b) that was flushed with argon via two manifolds (c). The melt was heated 
from underneath by two LPG gas burners. Reproduced from [104]. 
Again, Freti et al. provided no information on the heating source of their rig, so Taylor et al. heated 
their rig from below using two liquefied petroleum gas (LPG) burners. The metal charge was 
melted in a different furnace and transferred into the preheated skimming rig. Melt temperature was 
monitored via a type N thermocouple inserted into the melt horizontally through the wall of the melt 
vessel, and the melt temperature was manually controlled by adjusting the gas flow rate through the 
burners. This meant that the apparatus had to be continually monitored and the gas flow continually 
adjusted to maintain a stable melt temperature. 
A skimming “blade” constructed of the same refractory material as the melt vessel was used to skim 
the melt surface, rather than the graphite rod proposed by Freti. The skimming blade was drawn 
across the melt surface (Figure 2.50(a)), collecting the oxide film on the melt surface as well as 
some molten metal. The skimmed material, or just “skim”, was scooped into the argon-flushed 
trough and left to solidify. Each skimming pass took ~10 s, and multiple skims were taken at 
several time intervals from 15 s up to 1 h. An example of a set of skims is shown in Figure 2.51. 
(a) (b) 
(c) (d) 
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Figure 2.51 A set of solidified skims collected at a particular time interval. The skims consist of the oxide film 
present on the melt surface, as well as pure metal that was drawn off the melt at the same time. 
Reproduced from [104]. 
Taylor et al. used a different analysis technique to that of Freti et al. Freti et al. treated their skims in 
a bromine-methanol solution, which dissolved the metal and left the oxide, which was recovered 
and weighed. The skims of Taylor et al. were much larger than those of Freti et al., and they found 
that they took an unreasonably long time to dissolve. Thus, Taylor et al. devised a molten salt-based 
process. In it, batches of typically 10 skims were melted in a molten salt flux at ~ 800°C. The salt 
flux consisted of an equimolar mix of NaCl:KCl with the addition of ~3% NaF. The molten salt 
acted to separate the oxide from the molten metal; the oxide being retained in the molten salt while 
the molten metal sank to the bottom of the melting vessel. The NaF was added to the salt flux to 
induce the molten metal to coalesce into a single mass (see section 2.5 for a discussion of the 
behaviour of salt fluxes). The molten salt/metal was transferred to a conical steel crucible and 
allowed to solidify. The resulting solidified salt ingot, with attached metal slug, was then removed 
from the steel crucible, an example of which is shown in Figure 2.52. 
 
Figure 2.52 A solidified salt ingot (right) and metal slug (left), from the salt-based metal recovery process of 
Taylor et al, after removal from the steel crucible. Reproduced from [104]. 
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 The salt was dissolved away from the metal slug with warm water, and the recovered metal slug 
was dried and weighed. The mass of oxide was then calculated as the difference in mass between 
the batch of skims and the recovered metal slug, assuming that no elemental metal was lost during 
the processing. The mass of oxide per unit surface area and the oxide growth rate (i.e. mass of oxide 
per unit area per unit time) were then calculated using the known exposed surface area of the melt, 
the number of skims and the skim interval time. The resulting oxide plots are given in Figure 2.53. 
Some of the data of Taylor et al. was taken with the melt surface open to the ambient atmosphere 
(the “no lid” data in Figure 2.53), while other experiments were carried out with the top of the melt 
vessel covered with a refractory lid (the “lid on/door shut” data in Figure 2.53) and a door in the 
refractory lid was opened to take skims. This was done to explore the effect of air temperature over 
the melt. Taylor et al. measured the air temperature ~10mm above the melt surface and found that, 
with the lid on, the air was ~200°C lower than the melt temperature, significantly higher than in 
ambient air. They reasoned that the temperature of the air reacting with the melt may have an 
influence on the oxidation kinetics. 
 
Figure 2.53 The amount of oxide formed per unit area as a function of the skimming interval time at various 
temperatures in air. The “no lid” data was taken when the melt was left open to the ambient 
atmosphere; while the “lid on/door shut” data was taken when the melt was covered with a lid, and 
so insulated from the ambient atmosphere. The effect of temperature on oxidation cannot be 
resolved due to experimental scatter. Reproduced from [104]. 
While the results showed a clear trend in oxide formation with time, the effect of temperature, both 
the melt temperature and air temperature, was unable to be resolved due to experimental scatter. To 
address this, Taylor et al. replotted the data using the mean oxidation values at each temperature, 
64 
 
 rather than plotting each data point individually. A similar approach was used with the data for 
oxide growth rate. The mean oxidation data for the mass of oxide per unit area is given in Figure 
2.54, and the mean oxidation data for the oxide growth rate is given in Figure 2.55.  
 
Figure 2.54 Mean oxidation mass per unit area as a function of the skimming interval time at various 
temperatures in air. The “no lid” data was taken when the melt was left open to the ambient 
atmosphere; while the “lid on/door shut” data was taken when the melt was covered with a lid, and 
so insulated from the ambient atmosphere. Some data at 600 s has been slightly offset for clarity. 
Reproduced from [104]. 
 
Figure 2.55 Mean oxidation growth rate as a function of the skimming interval time at various temperatures in 
air. The “no lid” data was taken when the melt was left open to the ambient atmosphere; while the 
“lid on/door shut” data was taken when the melt was covered with a lid, and so insulated from the 
ambient atmosphere. The trend lines for the “no lid” data do not show any clear temperature 
dependence. Reproduced from [104]. 
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 The oxidation rates in the “no lid” condition were shown to decrease linearly (on a log-log scale) 
over time and as such correlated well to a power law17F18 relationship. However the fitted curves did 
not show a clear temperature dependence due to experimental scatter. Taylor et al. then processed 
the data further by taking the average oxide growth rate over all the temperatures (average 
temperature was 800°C), to produce a temperature-independent Overall Oxidation Rate (OOR), as 
shown in Figure 2.56. 
 
Figure 2.56 Mean Overall Oxidation Rate (OOR) as a function of skim interval, from Taylor et al. The data 
agrees well with calculated data for air atomised aluminium powder, and earlier data of Radin [91]. 
Reconstructed from data from [104] and [108]. 
The mean OOR was found to correlate well to a power law relationship of the form: 
𝑂𝑂𝑂𝑂𝑅𝑅 = 0.1929𝑚𝑚−0.7916(𝑙𝑙 𝑚𝑚−2 𝐺𝐺−1) Equation 2.16 
Taylor et al. compared their data with the work of Radin18F19 [91], reviewed earlier in this section, and 
found that their data, when extrapolated to longer times, agreed reasonably well with Radin’s data 
at 800°C. Taylor et al. also conducted some simple calculations to estimate the oxide growth rate of 
atomised aluminium powder by using industry-provided data on oxide thickness of powder particles 
[108]. This data also agreed well with the OOR equation extrapolated to much shorter times. 
18 A power law relationship is of the form 𝑦𝑦 = 𝑎𝑎𝑥𝑥𝑏𝑏, where a and b are constants. 
19 As Radin did not provide any data points, only graphs, Taylor et al. reconstructed Radin’s graphs as a series of data 
points. 
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 Taylor and co-workers set up an experimental rig to directly measure oxidation during a large scale 
pour of molten aluminium [104-106]. A 500kg capacity sow mould was suspended by a frame 
attached to a load cell, and a companion tilting furnace was mounted on a series of load cells 
(Figure 2.57(a)). The load cells enabled mass change due to oxidation to be measured during a 
cascading pour of metal from the tilting furnace to the sow mould. The experimental work was 
combined with numerical simulation of Prakesh and co-workers [109-111], who used Smoothed 
Particle Hydrodynamic (SPH) modelling to simulate cascading events in the experimental rig 
(Figure 2.57(b-d)). Taylor’s temperature independent  oxidation algorithm (Equation 2.16) was used 
in the modelling. 
  
  
Figure 2.57 The 500 kg experimental rig,  showing (a) the tilting furnace and suspended sow mould. (b-d) 
Sequence of images from smoothed particle hydrodynamic modelling, showing a simulated metal 
transfer of 275kg of aluminium into the sow mould. Reproduced from [105]. 
Taylor, Prakash and co-workers found that the experiments and simulations agreed reasonably well, 
but acknowledged that the temperature independent oxidation algorithm needed to be improved. 
Significantly, they observed that both the experiment and simulation produced very low amounts of 
oxide during the cascade event (Figure 2.58), under-estimating the amount of dross expected to 
(a) (b) 
(c) (d) 
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 occur in an industrial furnace by an order of magnitude or more. They suggested that, contrary to 
the findings of Clark and McGlade’s industry survey [14] (see section 2.2), the cascading transfer of 
molten aluminium may not be the most significant contributor to dross formation in an industrial 
furnace. 
 
Figure 2.58 Graph of oxide content (simulated and experimental) versus pouring rate for cascading transfer of 
molten aluminium to a sow mould. Reproduced from [105] 
Taylor and co-workers demonstrated a promising method for developing a model of short time 
oxidation of molten aluminium. While the technique they employed overcame the issues associated 
with the presence of the initial oxide layer, there was still appreciable scatter in the data that made it 
impossible to determine a temperature dependence on the oxidation kinetics. The authors noted this 
and suggested that it was because the experimental procedure was continuously refined during the 
experimental program, and so the experimental conditions were not always the same for every 
experiment. Their project work was terminated before new data could be gathered using a single 
consistent approach. 
2.5 Extraction of aluminium from dross by salt fluxing 
While this project is aimed at investigating the oxidation and dross formation in the primary 
production of aluminium, the same issues are also relevant to the recycling of both dross and scrap 
from primary aluminium production to recover valuable metal. An in-depth discussion of the 
recycling process is not necessary, but this section will discuss the relevant considerations in 
regards to the interactions of molten salt, as used in aluminium recycling, with aluminium oxide and 
molten aluminium, as this underpins a major part of the experimental procedure used in this work, 
i.e. the separation of metal and oxide from material skimmed from the aluminium melt surface. 
Tenório and Espinoza [95] conducted an extensive review of the recycling of aluminium, and the 
bulk of this section is largely taken from that source. The process of recovering valuable metal from 
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 dross is usually done in a rotary barrel furnace, an example of which is shown in Figure 2.59. The 
dross to be recycled is charged into the furnace through a layer of molten salt flux, while heat is 
provided by a gas burner. The furnace continuously rotates to agitate the salt/metal charge. 
 
Figure 2.59 Schematic of a rotary furnace used for recovering aluminium from dross. The furnace is charged 
with dross and salt flux, and heat is provided via a gas burner while the furnace is rotated. The salt 
flux provides a protective barrier between the molten aluminium and the atmosphere, and also aids 
in separating oxide from the metal. Reproduced from [95]. 
The molten salt fluxes used in the process are typically in the order of a few weight percent of the 
total charge, and are typically a mixture of NaCl and KCl, in a 1:1 molar ratio, as there is a 
minimum in the melting point at this approximate composition (Figure 2.60). 
 
Figure 2.60 KCl-NaCl pseudo-binary phase diagram. The equimolar composition is used in dross recycling as a 
minimum in the melting temperature occurs at this composition. Reproduced from [112]. 
The molten salt flux floats on the melt surface and provides several important functions: 
• protects the molten metal from further oxidation; 
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 • aids in removal of oxide from the metal; 
• maintains the oxide in suspension; and 
• enhances the coalescence of molten metal drops. 
Of these, the first three are quite straight forward. The fourth point is worthy of further explanation. 
Coalescence is important as it allows the molten metal, initially dispersed as small drops in the salt, 
to form larger drops which can more easily decant from the molten salt into a pool under the flux, 
and thereby increase metal recovery. Roy and Sahai [113] vividly demonstrated the effect of 
different salt fluxes on the coalescence behaviour of aluminium drops. In their experiments, 100 
chips of aluminium weighing ~2g in total were charged into 20g of molten salts of various 
compositions. The temperature of the salt was not explicitly stated. The molten salt/metal was 
frozen at time intervals up to several hours, the salt was dissolved and the metal drops recovered 
and counted. Optical photographs of the drops at several time intervals are given in Figure 2.61. 
Aluminium chips prior to melting in salt flux 
 
Equimolar NaCl-KCl 
5 minutes 240 minutes 480 minutes 720 minutes 
    
Equimolar NaCl-KCl + 5wt% NaF 
1 minute 2 minutes 
  
Figure 2.61 The coalescence behaviour of aluminium in molten salt flux. (a) 100 aluminium chips prior to being 
melted in (b) equimolar NaCl-KCl and (c) equimolar NaCl-KCl with 5wt% NaF. In the chloride 
salt flux it took 720 minutes for the chips to coalesce into a single drop, while with the addition of 
the fluoride salt to the flux, complete coalescence was achieved in only 2 minutes. Reproduced from 
[113]. 
(a) 
(b) 
(c) 
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 Figure 2.61(a) shows the aluminium chips prior to being melted in the salt flux, Figure 2.61(b) 
shows the metal drops when melted in an equimolar NaCl-KCl salt flux, and Figure 2.61(c) shows 
the metal drops when melted in the same equimolar NaCl-KCl flux but with the addition of 5wt% 
NaF. The beneficial effect of fluoride salts on coalescence is quite pronounced. When melted in the 
equimolar chloride flux, it took 720 minutes for the 100 aluminium chips to coalesce into a single 
drop, while the addition of NaF reduced the coalescence time to only 2 minutes. 
This is a specific example of the more general observation that fluxes consisting purely of chloride 
salts result in poor coalescence of the molten metal drops, and so fluoride salts are added to the flux 
to provide this coalescence behaviour. The efficacy of various fluoride salts (e.g. Na3AlF6 
(cryolite), NaF, KF, CaF2 and MgF2) has also been investigated. Peterson [114], investigated the 
coalescence behaviour of various fluoride and chloride additions to an equimolar KCl-NaCl salt 
flux (Table 2.5). Aluminium fragments were added to the flux at 750°C, the extent of coalescence 
and the time in which coalescence was achieved were recorded. It can be seen that additional 
chlorides had little effect on the coalescence behaviour, while fluoride additions did provide 
coalescence to a greater or lesser degree. It is important not only to consider the extent to which a 
particular salt promotes coalescence, but also the timeframe over which it occurs, and in this sense, 
some of the fluorides are clearly more efficacious than others. 
Table 2.5 The effect of additions of various fluoride and chloride salts on the coalescence behaviour of 
aluminium in an equimolar NaCl-KCL salt flux. Data from [114]. 
Additions Coalescence Time for coalescence (s) 
Cryolite (Na3AlF6) complete 30 
KF complete 41 
LiF complete 114 
NaF complete >270 
NaAlF4 almost complete 24 
AlF3 almost complete 36 
BaF2 almost complete 37 
SrF2 almost complete 52 
CaF2 moderate 216 
CaF2 moderate 222 
MgF2 moderate >300 
AlCl3 poor >600 
LiCl poor >600 
CaCl2 none - 
MgCl2 none - 
 
The ability of fluoride salts to promote coalescence is attributed to a reduction of the salt flux 
viscosity and to chemical attack and separation of the superficial oxide layer from the metal [95, 
113, 115-117]. The mechanism by which fluoride salts break down the oxide is not completely 
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 understood. However, Tenório and Espinoza [117] proposed a mechanism based on their 
observations of dross morphology (Figure 2.62). Initially the salt corrodes the grain boundaries of 
the oxide layer (Figure 2.62(b)) providing a path for the molten salt to contact the underlying metal 
and to penetrate the metal/oxide interface (Figure 2.62(c)). This enables the oxide pieces to detach 
and become retained in the salt (Figure 2.62(d)) and for metal drops to form (Figure 2.62(e)). 
 
 
Figure 2.62 Proposed mechanism of oxide breakdown by molten salt. (a) Contact of molten salt on the oxide 
film, (b) corrosion of oxide grain boundaries, (c) penetration of salt to the metal/oxide interface, (d) 
detachment of the oxide film, and (e) formation of aluminium drops. Reproduced from [117]. 
2.6 Summary of the literature 
A broad reading of the literature has identified that dross formation during primary aluminium 
production represents a significant cost to the aluminium industry. There is a clear need for an 
understand of the underlying process of oxidation, to minimise losses associated with dross 
formation. It is widely held that the most significant contributor to dross formation in an industrial 
furnace is the cascading transfer of molten metal into the quiescent contents of the holding furnace. 
There is an extensive literature on aluminium oxidation, however research efforts to date have 
largely focussed on solid-state oxidation. Of the literature concerned with molten aluminium 
oxidation, it is largely focussed on aluminium alloys, particularly aluminium-magnesium alloys. 
There is a limited amount of prior work specifically addressing oxidation behaviour of molten, 
unalloyed aluminium exposed to air, that would directly relate to the problem of dross formation in 
primary aluminium production. 
The separate, but related, aspects of microstructural evolution and oxidation kinetics have typically 
been investigated independently and, with some notable exceptions, there have been limited 
attempts to combine these two aspects together into a single coherent description of dross formation 
phenomena. 
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 Studies of oxidation behaviour have also been complicated by the detrimental effects of pre-existing 
oxide on specimen surfaces. This has introduced significant experimental uncertainty, and made it 
problematic to directly compare results of different workers. There have been some recent efforts 
directed towards the development of a different experimental approach that eliminates the 
uncertainties related to pre-existing oxide. This has been developed in conjunction with 
computational modelling techniques directed towards simulation of real industrial melt handling 
processes to enable process optimisation to minimise dross formation in primary aluminium 
production.  
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 3 Objectives 
Dross formation during the primary production of aluminium imposes significant economic losses 
on the Australian and worldwide smelting industries. Despite the appreciable amount of literature 
on the subject, there is still uncertainty surrounding important aspects of the issue. This work will 
contribute to the understanding of molten aluminium oxidation as it relates to dross formation in 
primary aluminium production. This work will approach the problem from three broad areas: 
gravimetric study of quiescent aluminium melts; microstructural characterisation of oxide films 
and; development of a kinetic oxidation model. These three aspects are described below. 
3.1 Generate an oxidation data set 
As discussed in section 2.4.3, one of the major issues encountered when studying oxidation is the 
detrimental effect of pre-existing oxide on the overall oxidation behaviour, which is responsible for 
a considerable amount of uncertainty in published studies. This issue is addressed in the present 
work by validating and expanding upon the work of Taylor and co-workers [104-108] (see section 
2.4.5). The experimental method eliminates this significant source of uncertainty, and so the data 
generated from it is expected to contribute towards resolving uncertainty in the published data. This 
will be achieved by utilising and improving upon their experimental procedure so as to be able to 
observe a temperature dependence of the oxidation behaviour, and produce an improved oxidation 
data set. In practice, this will involve conducting a series of oxidation experiments of commercial 
purity aluminium melts, at several different temperatures, while exposed to ambient air.  
3.2 Identify the physical processes of oxidation 
Despite the significant amount of published work on aluminium oxidation, there is still uncertainty 
surrounding the fundamental behaviour of growing oxide films on, specifically, molten aluminium. 
Published work focusses largely on aluminium alloys, rather than pure aluminium, and mostly in 
the solid, rather than liquid state. The issue is further compounded by the effect of pre-existing 
oxide. There is a need for a clear and unambiguous description of the microstructural evolution of 
oxides formed on pure, liquid aluminium, that eliminates the effects of pre-existing oxide. 
The second objective of the present work, then, is to conduct a thorough microstructural 
characterisation of oxide films grown on quiescent aluminium melts, to improve the understanding 
of the physical process of molten aluminium oxidation and address this uncertainty in the literature. 
3.3 Develop a kinetic oxidation model 
The work of Taylor and co-workers resulted in an oxidation algorithm (Equation 2.16) that was 
insensitive to the temperature of the aluminium melt, due to experimental variation in the data set. 
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 The improvements to the experimental procedure in the present work will address this limitation 
and establish a clear temperature dependence in the oxidation data. The third objective of the 
present work is to consider the improved gravimetric data set in light of the improved understanding 
of the physical process of oxidation, as revealed by the microstructural characterisation, and 
combine these two aspects to develop a conceptual model of the overall oxidation behaviour. The 
model will be used to construct an improved, temperature dependent, kinetic oxidation algorithm, 
that can be incorporated into computational models of melt handling processes, such as the 
smoothed particle hydrodynamic modelling of Prakesh and co-workers [105, 109-111]. 
The experimental processes employed to achieve these objectives are discussed in the following 
chapter.  
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 4 Experimental methodology 
This chapter describes the apparatus, methods and techniques that were used to study molten 
aluminium oxidation. As discussed in Chapter 2, aluminium oxidation studies have almost 
exclusively been of the thermogravimetric kind, where an initially solid specimen is heated in a 
controlled atmosphere furnace until it melts, and the mass change upon oxidation is then measured. 
The limitation of this method is that it is sensitive to the presence of pre-existing oxide on the solid 
specimen, and has been shown to affect the subsequent oxidation behaviour. Taylor et al. [104-107, 
109] developed an alternative procedure based on an earlier design proposed by Freti et al. [15], and 
this is continued in the current work. Section 4.1 provides a description of the oxidation rig used, 
while a detailed description of the experimental procedure is given in section 4.2. Section 4.3 
discusses the techniques used for collecting oxide samples, the preparation of specimens suitable for 
microscopic analysis, and the various microscopic and analytical techniques used to characterise the 
oxide. 
For those interested in the reasoning behind the methods used, a discussion of how the experimental 
procedure was developed is given in Appendix A . 
4.1 High temperature oxidation rig 
The apparatus commissioned by Taylor (described in section 2.4.5) formed the starting point for the 
one used in the current work (Figure 4.1). It consisted of an open melt vessel constructed from 
constructed from stacked layers of the refractory material Pyrotek® N17 fibre board with a high-
temperature stainless steel (grade 253MA) plate as a base. At one end of the melt vessel was a 
collection trough which was continuously flushed with argon to provide an inert atmosphere in 
which the skimmed material could solidify while minimising additional oxidation. 
The melt vessel was heated from below by two LPG gas burners and the melt temperature was 
monitored by a thermocouple inserted through the side wall of the melt vessel. The melt 
temperature was controlled by a Eurotherm model 3216 PID temperature controller connected to a 
Bürkert Fluid Control Systems Type 8605 digital proportional valve controller and Type 2833 
proportional valve. This system continuously adjusted the LPG flow rate through the gas burners to 
maintain the desired melt temperature. 
Ingot of grade AA196 commercial high purity aluminium (≥99.96% aluminium, see Appendix B  
for the chemical specifications) was melted in a clay-graphite crucible in a ~30 kg capacity electric 
resistance furnace. Once molten, the aluminium was transferred from the resistance furnace to the 
preheated skimming rig using a steel ladle coated with boron nitride (to prevent the molten 
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 aluminium reacting with the ladle), and the temperature was allowed to stabilise. The oxidation rig 
held approximately 6 kg of molten aluminium. 
 
Figure 4.1 The oxide skimming apparatus developed by Taylor et al. [104-106], and used in this work. A single 
“skim” can be seen in the skim collection trough, and the two argon manifolds can be seen either 
side of the trough. The exposed melt surface area is ~270×190 mm, approximately the size of an A4 
sheet of paper. 
During experimental trials, the melt was maintained at temperatures of 750°C, 850°C and 900°C, 
for holding times up to ~21 h. The temperature was typically maintained to within ±2°C of the set 
temperature. 
4.2 Experimental procedure 
The experimental procedure involves a number of steps. First, the oxide film is skimmed from the 
exposed surface of the molten aluminium and collected, and this will be discussed in section 4.2.1. 
The skimmed material is then treating with a molten salt flux to separate the oxide from the metal, 
to allow recovery of the metal. This metal/oxide separation procedure will be discussed in section 
4.2.2. Section 4.2.3 will describe the procedure for calculating the amount of oxide from the 
recovered material. Section 4.2.4 will provide more detail on several important aspects of the metal 
recovery process, and discuss the uncertainties involved in the procedure. 
4.2.1 Skimming 
A skimming “blade” constructed of the same refractory material as the melt vessel was used to skim 
the melt surface (Figure 4.2(a)). The cross section was shaped so that the skimmed material could 
be scooped out of the melt (Figure 4.2(b)). 
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Figure 4.2 The skimming blade used to collect oxide samples. 
The skimming technique is illustrated in Figure 4.3. The skimming blade was first placed into the 
molten aluminium, flush with the wall of the melt vessel (Figure 4.3(a)). The blade was then drawn 
across the melt surface to collect the oxide film present (Figure 4.3(b). Some aluminium metal was 
also removed along with the oxide. The skimmed material, from now on referred to as “skim”, was 
scooped out of the melt vessel (Figure 4.3(c)), and then transferred into the argon-flushed trough 
and held there for a few seconds to solidify. Each skimming pass took ~5 s and then the skim, 
attached to the skimming blade, was held under the flowing argon for ~30s, to ensure it had 
completely solidified and cooled before removing the skim from the blade and storing it in a 
stainless steel tray. This last step involved simply gently tapping the blade and the skim would 
usually fall off. Other times, the skim had to be gently flicked off with a (gloved) finger. 
   
Figure 4.3 Schematic diagram of the skimming procedure. (a) The skimming blade is inserted into the molten 
aluminium. (b) The blade is drawn across the melt surface, collecting the oxide film, as well some 
molten aluminium. (c) The blade is tilted and lifted upwards, to scoop out the collected skim. 
Multiple skims were taken at regular intervals ranging from 30s to several hours. The whole process 
of taking a single skim took up to ~45 s, from skimming the melt, scooping the skim into the 
trough, waiting for the skim to solidify and removing the skim from the blade. The first skim was 
always discarded, as it was used to effectively “clean” the melt surface and “zero” the oxidation 
measurement. An example of a set of collected skims is shown in Figure 4.4. 
(a) (b) (c) 
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Figure 4.4 Skims collected from an aluminium melt. 
The skims were weighed in batches of typically 10 skims, and then processed with a molten salt 
flux to separate the oxide film from the metallic aluminium, as described in the following section. 
4.2.2 Metal/oxide separation 
A salt flux was prepared from an equimolar mix of reagent grade NaCl and KCl, with an addition of 
2 wt% NaF. The three reagents were mixed together, dry, and transferred to an aluminium titanate 
crucible, at room temperature, which was then heated in an electrical resistance furnace to ~850°C 
and held until the mixture was molten (Figure 4.5(a) and (b)). Once the salt was molten, the 
temperature was reduced to ~750°C. A low operating temperature was desirable to attempt to 
minimise any reactions that may occur between the molten aluminium and the crucible and/or salt 
flux. Any lower than this temperature and there was a risk of freezing the salt as the solid skims 
were charged into the salt flux. A lower operating temperature also minimises any additional 
oxidation of the skims as they are exposed to the heated furnace atmosphere (air) for the few 
seconds as they were charged into the salt flux. 
Once the molten salt temperature had stabilised at 750°C, batches of typically 10 skims were 
immersed, one at a time, into the molten salt using steel tongs while the molten salt surface was 
flushed with argon through a gas lance suspended above the crucible. The argon was used to 
provide an inert atmosphere to minimise further oxidation of the skim for the few seconds that it 
took to charge each skim into the molten salt. 
(a) (b) 
79 
 
   
  
Figure 4.5 The metal recovery procedure. (a) Solid salt flux in an aluminium titanate (AT) crucible, prior to 
being melted in an electric resistance furnace. The argon gas lance can be seen suspended above the 
crucible. (b) Salt flux mixture partially melted. (c) The solidified salt ingot and recovered 
aluminium slug, after being removed from the AT crucible. The salt and skims were melted in the 
left AT crucible, and transferred into crucible on the right to solidify. (d) A collection of recovered 
slugs, after dissolving away the residual salt with water. 
The skims were processed in batches of 10, rather than individually, to improve the precision of the 
measurement. As discussed in the review of Freti et al.’s experimental procedure in section 2.4.3, 
using multiple skims effectively increased the total melt surface area analysed. So where the oxide 
content in a single skim represents the amount of oxide that formed on ~0.05 m2 of exposed melt, 
the total oxide content of, for example, 10 skims represents an area 10 times greater, with 10 times 
as much oxide. Figure 4.6 shows that the calculated amount of oxide per skim, for several metal 
recovery trials conducted on batches of 10 skims, was as low as 8 mg of oxide. The balance had a 
finite precision of 0.1 mg, so measuring 8 mg to the nearest 0.1 mg leads to a 1.25% uncertainty in 
the measurement. Using 10 skims reduces this uncertainty by an order of magnitude to 0.125%. An 
additional benefit of using multiple skims in a batch is that it averages out any variations in oxide 
content between individual skims due to natural experimental variability. 
(a) (b) 
(c) (d) 
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Figure 4.6 Experimentally determined amount of oxide per skim. At short exposure times, the amount of oxide 
in a single skim can be as little as 8 mg. 
It took several minutes to charge 10 skims into the salt. The molten salt/metal was left at 
temperature for approximately 15 minutes, timed from when the first skim was charged into the 
salt. This relatively short holding time was also used to minimise the possibility of any chemical 
reactions between the molten aluminium and the crucible or salt flux. Longer holding times were 
unnecessary: the metal needed to be kept at temperature only long enough for the metal in the skims 
to melt, the oxide to separate, and the aluminium drops to coalesce into a single mass. If the metal 
can coalesce into a single drop, then the oxide has necessarily been separated from the metal (see 
section 2.5). 
After approximately fifteen minutes at temperature, the crucible was removed from the furnace and 
the molten contents were transferred into a second aluminium titanate crucible that had been 
preheated to ~250°C. The contents of the second crucible were then left to solidify. 
After sufficient time for the salt/metal to solidify, the solidified conical salt ingot was removed from 
the crucible (Figure 4.5(c)). The aluminium, having a greater density than the salt, segregated to the 
bottom of the conical crucible so the solidified metal formed as a slug at the tip of the conical salt 
ingot. The metal slug was removed from the salt ingot. The slug usually had some residual salt 
stuck to it and so was placed in a beaker of water, which was stirred with a magnetic stirrer19F20, to 
20 To be clear, the water was stirred, but the slug itself remained stationary at the bottom of the beaker. 
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 dissolve the residual salt. After sufficient time had elapsed for the salt to dissolve, typically less 
than about 10 minutes, the slug was removed from the water and rinsed with water, then ethanol, 
and dried with hot air. A series of recovered aluminium slugs are shown in (Figure 4.5(d)) 
The possibility that the water might cause further oxidation of the metal slug was considered, but it 
was determined that this was not an issue as the oxide layer20F21 on the surface of the aluminium slug 
makes it difficult for water to induce further oxidation [118], particularly at room temperature. 
Nevertheless, other solvents were considered for use to dissolve the salt, but it was found that the 
commonly available organic solvents ethanol, methanol and acetone do not have any appreciable 
solubility of NaCl or KCl [119], and so were unsuitable. 
It was also considered that using hot air to dry the slug would not create any significant extra 
oxidation. Even though the air was “hot”, the temperature was still relatively low, since the slug 
could be held under the hot air with a bare hand. Thus, the hot air is essentially only slightly higher 
than room temperature. Kubaschewski and Hopkins [28] showed that aluminium oxidises 
exceedingly slowly at room temperature, forming an oxide layer in the order of 25Å thick after 50 
hours. This can be used to estimate the amount of oxide that forms on a recovered slug. Assuming 
the slug to be a sphere with a diameter of 30 mm and assuming an alumina density of 4000 kg/m3 
(the density of α-alumina), this equates to an oxide mass of ~30 μg. Such a small mass change is 
insignificant, and given that the slug is only exposed to the hot air for ~30 s, it is not considered to 
be an issue. 
4.2.3 Determination of oxide mass 
After drying each slug, it was weighed on an electronic balance to the nearest 0.1 mg. The mass was 
weighed three times and an average taken. It was then placed back into the water and stirred for a 
further ~10 minutes. After this time the slug was rinsed and dried as before and weighed again. If 
there was a significant change in the mass of the slug between each weighing, the slug was again 
placed in the beaker of stirred water, as above. This was repeated until the recorded mass of the slug 
had stabilised, and this final mass was recorded. 
The calculation of oxide mass, moxide, is based on the assumption that all mass lost from the skims 
during the metal recovery process is due to oxide, so that: 
𝑚𝑚𝑜𝑜𝑜𝑜𝑖𝑖𝑜𝑜𝑒𝑒 = 𝑚𝑚𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑠𝑠𝑒𝑒𝑢𝑢𝑠𝑠 Equation 4.1 
21 This oxide layer is the thin, freshly formed oxide that naturally forms on the slug surface, just as any aluminium 
exposed to an oxidising environment will do. It is not the same oxide that formed on the molten aluminium. 
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 where mskims is the total mass of the batch of skims and mslug is the stabilised mass of the recovered 
slug. 
4.2.4 Uncertainty in metal/oxide separation procedure 
The metal recovery procedure was a critical component of the experimental method of this work, 
and so it was important to validate it and determine the uncertainties involved, prior to producing 
large amounts of experimental data. 
It was considered that since molten aluminium is such a reactive medium, the possibility exists for 
the chemical reactions to occur between the molten metal and the crucible. This would result in 
either mass loss or gain from the recovered metal, and lead to erroneous oxidation values. For 
example, it has been shown that under certain conditions molten aluminium can reduce the titanium 
ions in aluminium titanate, enabling metallic titanium to dissolve into the molten aluminium [120], 
which would result in an artificially high mass of the recovered aluminium slug. 
To explore the possibility of any chemical reactions occurring, a number of dummy runs of the 
metal/oxide separation procedure (see section 4.2.2) were conducted using commercial purity 
aluminium specimens of known mass (rather than using skims). It was postulated that in the 
absence of any chemical reactions occurring, then the initial mass of the commercial purity 
specimen put into the salt should be equal to the mass of recovered metal slug (allowing for the 
presence of some surface oxide). If there were any chemical reactions occurring, then these two 
masses would be unequal and this difference would give an indication of the uncertainty inherent to 
the technique. 
To test this, two grades of commercial purity aluminium were used, to explore the effect of impurity 
element concentration. The grades used were AA170.9 and AA196A, which had reported 
aluminium contents of 99.85% and 99.96% respectively, as given by the certified analyses for the 
specific ingot batches. The chemical analyses of each grade, as given by the supplier, are given in 
Table 4.1. 
Rectangular blocks of the two grades of aluminium were cut from their respective ingots, with each 
block weighing approximately 10-40 g (Figure 4.7). All six faces of each block were ground with 
SiC paper using water as a lubricant, up to 4000 grit. This was to remove as much oxide as possible 
from the specimen surface, and to ensure each specimen had a similar oxide condition for 
consistency. The blocks were melted, individually, in molten salt flux in the same way skims were, 
as described in section 4.2.2, and the recovered metal slugs were weighed. The difference between 
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 the mass of the initial block and the recovered slug is considered to be metal loss inherent in the 
system. Figure 4.8 shows the metal loss as a function of the initial mass of the block. 
 
Figure 4.7 Examples of commercial purity aluminium blocks used to validate the salt-based metal recovery 
procedure. 
 
Figure 4.8 Metal loss of specimens of commercial purity aluminium during the salt extraction procedure. The 
mass of metal lost increases with the initial mass of the specimen. 
Figure 4.8 shows that there is some mass lost during the salt extraction process, and so the process 
does not provide 100% metal recovery. The metal recovery ranged from 99.89 to 99.96%. There 
appears to be no significant difference in metal loss between the two grades of commercial purity 
aluminium. 
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 The amount of metal lost appears to loosely correlate to the initial block mass and ranges from 
about 10-20 mg, over the range of block masses tested. Thus, there is an uncertainty in the order of 
up to several tens of milligrams, assuming the trend in Figure 4.8 continues at higher initial masses. 
This may not seem like a lot of metal loss, but this uncertainty is in the same order of magnitude as 
the calculated amount of oxide on a single skim, which has been measured as low as 8 mg, 
depending on experimental conditions (Figure 4.6). 
It is clear, then, that subjecting a single skim to the salt extraction procedure would provide an 
insufficient amount of oxide to be detected. This problem can be solved by melting several skims at 
a time in a batch, as discussed earlier. At least 10 skims as a minimum would be necessary, as this 
would mean the uncertainty in the measurement is an order of magnitude lower than the amount of 
oxide, although using a larger number of skims per batch would be desirable. There are practical 
limitations to doing this, however. For short skim interval times, e.g. 1 minute, it is not difficult to 
collect a large number of samples. It is not too time consuming to collect batches of 20 or even 50 
skims. At longer skim interval times, such as 1 hour, it is impractical to collect such large numbers 
of skims. However, at longer skim intervals the oxide content of each skim is expected to be much 
larger, therefore smaller batches can be processed without increasing the measurement uncertainty. 
Continuing the investigation into the possibility of chemical reactions occurring during the metal 
recovery process, some of the recovered aluminium slugs were analysed using Inductively-Coupled 
Plasma Atomic Emission Spectroscopy (ICP-AES), and their respective chemical compositions 
compared to the stated compositions of the commercial purity ingot the metal was sourced from. 
The results are given in Table 4.1. The mass of recovered slugs of grade AA196, numbered #8, #9, 
and #10 were 26.353 g, 10.070 g and 39.583 g respectively. The mass of the recovered slug of 
grade AA170, numbered #12, was 39.291 g. Recovered slugs #10 and #12, despite being different 
grades, had an almost identical mass loss of ~18 mg. Given that these two slugs had a very similar 
initial mass, this suggests that the amount of mass loss is independent of the grade of aluminium. 
The major impurity elements in the commercial purity ingot material are iron and silicon. The 
compositions of the three recovered slugs of AA196 were identical, to the detection limit of the 
analysis technique. As the three AA196 slugs had different masses (and thus, different surface areas 
in contact with the crucible/salt) it suggests that there are no significant reactions occurring 
involving the impurity elements. Table 4.1 also shows that the amount of titanium in the recovered 
slugs was not measurably different from that of the commercial purity source ingots. Therefore, for 
the particular example of titanium dissolution into the molten aluminium mentioned earlier, the 
problem is not considered to be significant. 
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Table 4.1 Chemical composition of two grades of commercial purity ingot and selected recovered slugs from 
metal recovery trials. 
 Composition (wt%) 
 Al grade AA196 Al grade AA170 
Element ingot slug #8 slug #9 slug #10 ingot slug #12 
Al 99.96 ~bal. ~bal. ~bal. 99.8500 ~bal. 
Fe 0.0170 0.02 0.02 0.02 0.0932 0.12 
Si 0.0165 0.02 0.02 0.02 0.0427 0.03 
Cu 0.0001 <0.01 <0.01 <0.01 0.0017 <0.01 
Mg 0.0003 <0.01 <0.01 <0.01 0.0007 <0.01 
Zn 0.0008 <0.01 <0.01 <0.01 0.0014 <0.01 
Cr 0.0004 <0.01 <0.01 <0.01 0.0019 <0.01 
Ni 0.001 <0.01 <0.01 <0.01 0.0051 <0.01 
Mn 0.0003 <0.01 <0.01 <0.01 0.0015 <0.01 
Ti 0.0019 <0.01 <0.01 <0.01 0.0058 <0.01 
Sr -- <0.001 <0.001 <0.001 0.0001 <0.001 
Zr -- <0.005 <0.005 <0.005 0.0005 <0.005 
Sn 0.0007 -- -- -- 0.0003 -- 
Ca 0.0001 -- -- -- 0.0001 -- 
Na 0.0010 -- -- -- 0.0029 -- 
V 0.0025 -- -- -- 0.0135 -- 
Ga 0.0068 -- -- -- 0.0134 -- 
B 0.0001 -- -- -- 0.0003 -- 
Pb 0.0003 -- -- -- 0.0004 -- 
 
While the discussion so far has explored the possibility of chemical reactions involving the molten 
aluminium, the possibility of a reaction occurring between the crucible and molten salt have also 
been considered. To do this, a chip of aluminium titanate was removed from the interior wall of a 
crucible that had been used several times. The chip was taken from the bottom of the inner crucible 
surface, which had been in direct contact with molten aluminium. The chip was examined in a 
scanning electron microscope (SEM), and a backscattered electron micrograph of the surface is 
given in Figure 4.9. Note that the micrograph is not of a cross section of the crucible, but the inner 
surface. The dark diagonal stripes are cracks in the material. 
The surface appeared to be a patchy mix of light grey and darker grey phases. The darker grey 
phase appears to be aluminium titanate while the lighter grey phase corresponds to what appeared to 
be residual salt left on the crucible wall after it had been cleaned. 
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Figure 4.9 Backscattered electron image of the inner surface of an aluminium titanate crucible after it had 
been used several times. The dark diagonal stripes are cracks. The surface appears to be a patchy 
mix of light grey and darker grey regions. The darker grey regions correspond to aluminium 
titanate, while the lighter grey regions appear to be residual salt. 
An Energy-Dispersive X-Ray Spectroscopic (EDS) line scan was taken, passing through a darker 
grey phase with a lighter grey phase “island” in the centre of the image (Figure 4.10), so the line 
passed through a dark phase, then a light phase, followed by another dark phase. The line scan 
showed that Al, Ti and O appear together, and correspond to the darker phase. Na and K only 
appeared in the presence of Cl, and corresponded to the lighter grey phase “island” in the centre of 
the image. This suggests that the Na and K from the salt were not reacting with the crucible, but 
were only present as residual salt left on the crucible wall. 
 
 
 
Figure 4.10 Backscattered electron image of the surface of the crucible wall, and EDS line scan crossing from a 
darker grey region, through a lighter grey region and then another darker region. Al, Ti and O are 
present spatially together, and correspond to the darker gray phase. Similarly, Na, K and Cl are 
present spatially together, suggesting that there is no reaction between the salt and the crucible. 
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 4.3 Microstructural characterisation techniques 
4.3.1 Sampling 
One of the difficulties in studying thin oxide films grown on a molten metal, is how to go about 
collecting a sample of the oxide to study. Much of the literature focusses on solid-state growth of 
oxide films, so the obvious solution there is to simply cut a specimen from the solid metal substrate. 
When studying oxide films formed on a molten metal substrate, however, this method is clearly not 
suitable. 
In this work, oxide samples were taken from the aluminium melts by essentially using the 
skimming blade like a spatula. The blade was inserted into the melt at a shallow angle, and was 
lifted vertically, such that a thin film of molten metal (with the oxide film on top) was left on the 
end of the blade (Figure 4.11(a)). The small amount of molten metal that was scooped from the melt 
along with the oxide film solidified, so that the aluminium formed a “substrate” that supported the 
oxide film and enabled the specimen to be handled easily. The solidified metal/oxide foil specimens 
(Figure 4.11(b)) were a few hundred micrometres thick21F22, as measured with a digital micrometer. 
Given how thin the specimens were, they solidified extremely quickly, in only a few seconds. 
  
Figure 4.11 Samples of oxide were lifted from the molten aluminium using the flat of the skimming blade (a). 
Detail of a typical specimen (b). 
Prior to collecting a sample from the melt, the melt surface was skimmed with the skimming blade 
(as discussed above in section 4.2.1), to give a “clean” surface. After the required exposure time, a 
sample was then taken from the melt. Throughout the rest of this document, reference will be made 
to the “exposure time”. This is the amount of time that a freshly skimmed melt surface was exposed 
to ambient air before a sample was taken. References will also be made to the “initial oxide”. This 
22 The variation in specimen thickness was due to the amount of metal that had solidified under the oxide film, and so is 
not representative of the oxide film thickness itself. 
(a) (b) 
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 is simply a sample of oxide taken immediately after skimming the melt surface clean, so that the 
exposure time was as short as physically possible, in the order of a couple of seconds. 
This sampling technique was, unsurprisingly, highly disruptive to the melt surface, so the resulting 
sampled specimen, comprised of the oxide film itself, with the underlying solidified metal 
“substrate”, was typically highly deformed, with the specimen showing significant wrinkling and 
tearing (see, for example, Figure 6.1). Far from being a problem, the damage to the specimens 
during sampling proved to be very useful for observing the oxide films in an electron microscope. 
In the damaged regions of the specimens, it was common to see the oxide film separated from the 
aluminium metal substrate, which was especially useful for observing very thin films (i.e. films 
formed at short times and/or lower temperatures), where the electron signal in the electron 
microscope would otherwise be dominated by the aluminium substrate. So the damage to the 
specimens during sampling made it possible to observe the oxide film, free from the metal 
substrate, without any additional specimen preparation22F23, making specimen preparation very simple 
and quick. 
The trade-off for this simplicity of preparation, however, was that there was no control over which 
parts of the specimens could be readily observed, it was purely a matter of spending the time to seek 
out the damaged regions. Nevertheless, by observing regions from all over a specimen, it was 
possible to get an overall understanding of the representative morphology. 
4.3.2 Scanning electron microscopy (SEM) 
To prepare specimens suitable for observing the oxide film morphology, small squares, ~10mm to a 
side, were cut from the foil samples using a scalpel and were mounted onto aluminium slug-type 
SEM mounts using carbon dag as an adhesive (Figure 4.12). The mounted specimens were heated 
overnight in a SEMSA vacuum oven at ~70°C to ensure the specimens were free from moisture and 
any volatile substances that might contaminate the electron microscope. The specimens were 
subsequently stored under vacuum. 
The oxide morphology was imaged in a JEOL JSM-7001F field-emission scanning electron 
microscope, typically at 5-10 kV accelerating voltage and a working distance of ~10mm or shorter. 
Micrographs of the specimen morphologies are presented and discussed in section 6.1. 
23 For example, a technique that was considered (and has been used by other workers, see for example [69, 90]) is to 
treat samples with a solution of bromide in methanol. This dissolves the aluminium away from the oxide film, leaving 
the oxide free to observe. However, there are several difficulties with such a process. Firstly the dissolution reaction is 
fairly slow, so only very small quantities of specimen can be treated in a practical timeframe. Secondly, the oxide film 
particles need to be filtered out from the resulting sludge, making it time consuming. 
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Figure 4.12 Oxide/aluminium foil specimen mounted on a SEM slug-type mount using carbon dag. 
4.3.3 Focussed Ion Beam milling (FIB) 
Limited attempts at preparation of cross-sectional specimens suitable for transmission electron 
microscopy by Precision Ion Polishing (PIPS) were abandoned23F24 in favour of Focussed Ion Beam 
milling (FIB). The FIB milling was conducted with a FEI xT Nova NanoLab 200 field emission 
SEM, at the University of New South Wales. The technique uses a gallium ion-beam to sequentially 
remove material around a selected area of the specimen to enable a membrane of material to be 
milled and extracted from the specimen (Figure 4.13(a)). The membrane was ~4µm deep into the 
specimen surface, ~15 µm long and ~100-200nm thick (Figure 4.13(b)).  
Prior to inserting into the SEM, the FIB specimens were sputter coated with gold to provide a 
conductive surface. Prior to ion-milling, two layers of platinum were deposited on the specimen, 
using the electron beam, and ion-beam respectively. The first layer was a thin layer deposited on the 
viewing area to limit specimen damage while viewing in the ion-beam imaging mode. The second 
layer was a relatively thick (~1 µm) layer deposited over the region that was to be milled. These 
three protective layers (gold, thin platinum and thick platinum) are visible in the transmission 
electron micrographs presented in section 6.3, although the platinum layers have been cropped out 
of most of the images. The gold layer appears as a fairly well defined, black layer directly on the 
oxide film. The first platinum layer is a brighter layer above that, and the final platinum layer as a 
darker layer above that. 
24 Another technique for preparing cross-sectional specimens was trialled, whereby a cross-sectional specimen was ion-
milled using a Gatan Model 691 Precision Ion Polishing System (PIPS). However, specimens prepared in this way 
showed the unexpected presence of amorphous regions in the aluminium, which confounded interpretation of the 
specimen. Anecdotal evidence indicates that  ion-beam damage can induce amorphisation of aluminium specimens, 
however there appears to be little in the way of published literature on the subject, at least in relation to the PIPS 
technique. There is some published literature on the phenomenon as it relates to  ion-beam milling of indium and 
gallium based semiconductor materials, as well as silicon (see, for example [121, 122]), and it is plausible that a similar 
effect occurred in the specimens in this study. Due to the uncertainty surrounding this technique, it was abandoned in 
favour of Focussed Ion-Beam milling, which did not suffer from the same problem. 
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Figure 4.13 Focussed ion-beam milling of a cross-sectional membrane from a specimen. (a) Scanning electron 
micrograph of the procedure. (b) Transmission electron micrograph of the membrane. (c) A series 
of membranes mounted on a copper grid coated with a film of Formvar.  
The milled membranes were mounted on a copper TEM grid that had been coated with a thin film 
of Formvar24F25, a vinyl polymer, to provide an electron transparent support for the specimens (Figure 
4.13(c)). 
4.3.4 Transmission electron microscopy (TEM) 
Plan-view specimens of oxide were prepared by simply cutting and/or tearing from the foil samples, 
described in section 4.3.1 (Figure 4.11), and placed directly into the TEM with no additional 
preparation. The specimens prepared in this way were mostly opaque to the electron beam, because 
of the specimen thickness, but at damaged regions of the foil it was possible to observed pieces of 
oxide film suspended over the edges of the aluminium “substrate”, and these could be observed 
directly, as shown in Figure 4.14. 
Specimens were imaged in a JEOL JEM-1010 TEM, or a JEOL JEM2100 LaB6 STEM operating at 
an accelerating voltage of 200 kV. Electron diffraction was done in the JEOL JEM2100 STEM, 
typically with a camera length of 30cm. 
25 Formvar is a registered trade name for polyvinyl formal, produced by Monsanto Chemical Company. 
2µm 
50µm 
(a) (b) 
(c) 
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Figure 4.14 (a) Transmission electron micrograph showing damaged region of the specimen foil, where oxide 
film can be observed protruding over the edge of the aluminium substrate. Most of the specimen is 
electronically opaque. (b) Detail of the oxide film. 
  
(a) (b) 
20µm 5µm 
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 5 Gravimetric study of molten aluminium oxidation 
This chapter is the first of several in which the results of the experimental work described in 
Chapter 4 will be analysed and discussed. In this chapter, the results of gravimetric oxidation 
studies of molten aluminium will be presented and discussed, while Chapter 6 will present the 
microstructural characterisation of grown oxide films, and Chapter 7 will describe the development 
of a simple kinetic oxidation model based on the results presented in the other chapters. 
Section 5.1 of this chapter will present the oxide mass data and discuss the general oxidation 
behaviour revealed by the experimental data, as well as the limitations of the data. A small side-
discussion will be presented in section 5.2, where the possible role of the air temperature on 
oxidation will be considered, and describe an experimental attempt to take this into account. The 
chapter will conclude with a summary of the major findings and conclusions in section 5.3. 
5.1 General oxidation behaviour 
The results of the high-temperature oxidation experiments, carried out according to the procedure 
described in Chapter 4, is presented in Figure 5.125F26. The graph shows the mass of oxide that formed 
on the melt surface as a function of exposure time in ambient air. Experiments were carried out 
using molten aluminium temperatures of 750, 850 and 900°C26F27, with exposure times ranging from 
30s up to ~21h. The oxide mass is expressed as the mass of oxide per unit area of exposed molten 
aluminium. 
Before discussion these results, it is worth noting that the time-scale of the gravimetric data 
presented in Figure 5.1 extends over several orders of magnitude, and as a result there is a certain 
loss of detail in the oxidation data at short exposure times. Figure 5.2 shows the same data as Figure 
5.1, but plotted on a logarithmic scale, providing better clarity of the data at the shorter time-scales. 
The most immediately obvious feature of the oxidation curves in Figure 5.1 is the clear temperature 
dependence on oxidation. The amount of oxide increased with increasing temperature: with 0.85 
g/m2 of oxide forming at 750°C after ~21h; 1.9 g/m2 of oxide forming at 850°C after ~14h, and 3.8 
g/m2 of oxide forming at 900°C after ~14h. 
26 The oxidation data is presented in tabular form in Appendix D  
27 Note that these temperatures represent the bulk temperature of the molten aluminium, as measured by the control 
thermocouple submerged in the melt. These values do not necessarily represent the surface temperature of the melt. 
This issue will be discussed in section 5.2. 
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Figure 5.1 Mass of oxide that formed on molten aluminium at 750°C, 850°C and 900°C, as a function of 
exposure time in ambient air (linear scales). Note: vertical lines are at 1h intervals. 
 
Figure 5.2 Mass of oxide that formed on molten aluminium at 750°C, 850°C and 900°C, as a function of 
exposure time in ambient air (logarithmic scales). 
This apparently trivial observation is nevertheless an important one, as one of the objectives of this 
work was to validate and improve upon the model developed by Taylor and co-workers [104-106, 
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 109], described in section 2.4.5, upon which the experimental method used here was based. Due to 
experimental scatter, Taylor’s work was unable to clearly show a temperature dependence, and so 
used an average temperature of 800°C. Figure 5.3 presents the data of Taylor et al., plotted against 
the gravimetric data from this work. This figure shows that the gravimetric data from the current 
work is consistent with Taylor’s, but has the additional improvement of a clear temperature 
dependence. The results presented here are thus a validation, and successful extension of, the work 
of Taylor et al. 
 
Figure 5.3 Oxide growth rate on molten aluminium at 750°C, 850°C and 900°C exposed to ambient air. The 
data from Taylor et al. is shown for comparison. 
While it is possible to observe a temperature dependence of the oxidation rate, there is still a non-
negligible amount of experimental scatter, to the extent that there is some overlap of the 850°C and 
900°C data at the short exposure times, up to about 600s (10 minutes). This is most readily apparent 
in Figure 5.2. This is likely due to experimental variability, as the 900°C data had the least amount 
of experimental points collected. Conducting more experiments at 900°C will improve the accuracy 
of the overall data, and is likely to lead to a clearer resolution between the 850°C and 900°C data 
sets. Indeed, collecting additional data points over all of the experimental conditions would improve 
the uncertainty of the whole data set, and ultimately may even allow for additional temperatures to 
be investigated, intermediate between those already studied. This, in turn, would improve the 
accuracy and usefulness of any kinetic model build from the data set. 
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 The other notable observation is that while the oxide mass is observed to increase continuously over 
the exposure times investigated, the oxidation rate continually decreased. This is most readily 
observed in Figure 5.1, where the gradient of the oxidation curves can be seen to continuously 
decrease over time. This seemingly trivial observation has significant implications in terms of 
determining the rate-controlling step in the overall oxidation mechanism. This will be addressed in 
the discussion on development of the kinetic oxidation model in Chapter 7, but for now it is worth 
pointing out that the continuous decrease in oxidation rate implies that oxidation is controlled by 
diffusion through the oxide film. 
The oxidation curves also raise implications for the expected microstructure of the grown oxide 
films. The curves in Figure 5.1 show a monotonic decrease in the oxidation rate, with no increases 
or sharp changes in the gradient of the curve, which suggests that no microstructural phase 
transformations occur over the times studied. The transformation of γ- to α-alumina, for example, 
that is often observed in the oxidation literature, involves a volume change, since the density of α-
alumina is greater than that of γ-alumina. This volume change is associated with the formation of 
cracks within the oxide film, which act as short-circuit diffusion paths for oxygen through the oxide 
film. This, in turn, increases the oxidation rate, producing an increase in the gradient of the 
oxidation curve. Phase transformations may also affect the physical properties of the oxide film, as 
the different phases may have, for example, different diffusive or electrical properties, which can 
have an effect on the oxidation rate. The monotonic shape of the oxidation curves does not 
completely rule out the possibility of any phase transformation occurring, of course, but it does 
suggest that the microstructure will be fairly similar throughout the oxidation process. 
One of the most striking observations to make about the oxidation curves is the very low overall 
amount of oxide that formed on molten aluminium exposed to ambient air. Even after 10 h at 900°C 
there was less than 4 g/m2 of oxide, and for molten aluminium at 750°C an extended exposure time 
of over 21 h generated less than 1 g/m2 of oxide. This is an order of magnitude or more lower than 
what is often reported in the literature. 
Figure 5.4 illustrates this by plotting the oxidation curves against data from some of the more 
significant works in the literature [69, 73, 91]. It should be noted that oxidation data in the literature 
is typically reported as the mass change, rather than the oxide mass as is used in this work. The 
difference is that the mass change is equivalent to the amount of oxygen pick-up from the 
atmosphere, while the oxide mass also includes the mass of aluminium in the oxide, and so has a 
larger value. A simple calculation can determine that the mass of oxygen in Al2O3 is 0.47 × the total 
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 oxide mass, and such a conversion factor can be applied to the oxidation curves to enable them to 
be plotted directly against the data of other workers. 
 
Figure 5.4 Comparison of oxidation data from this work with data from Thiele 1962 [73], Radin 1974 [91], and 
Impey 1988 [69]. 
That significantly less oxidation is observed in the present work is clear. This is attributed to the 
specific experimental technique used in this work to overcome the detrimental effect of pre-existing 
oxide on the aluminium surface (as discussed in section 2.4.3). Specifically, the procedure of 
starting from a molten state (rather than a solid specimen), and skimming the melt surface clean 
before proceeding to measure the oxidation, ensures that there is no pre-existing oxide present on 
the aluminium. It is humbly proposed, then, that the oxidation data presented here provides a 
representative measure of the oxidation of molten aluminium from an initially oxide-free surface, in 
contrast to those studies that have not taken this effect into account. 
One consequence of the specific technique used in this work is that the oxidation experiments were 
conducted in ambient air, rather than an enclosed, controlled atmosphere furnace as has typically 
been used. The reason for this was that it is not practical to manually skim a melt surface if it is 
inside a furnace. The practical result of this was that the reacting atmosphere was humid, i.e. it 
contained a significant amount of water vapour. As the humidity could not be controlled, it was 
monitored and recorded throughout each oxidation experiment: the partial pressure of water vapour 
was then calculated and found to vary between ~0.7-2 kPa over all of the experiments. 
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 The effect of water vapour on oxidation has been studied extensively by other workers, but typically 
for Al-Mg alloys [87, 88, 123-125], and solid-state oxidation of aluminium [49, 126, 127]. The 
results of these various studies are mixed, with no clear consensus on the effect of water vapour, 
and is complicated further in that the results can differ depending on the presence of other species in 
the reacting atmosphere, such as oxygen, hydrogen, and carbon dioxide. The limited number of 
studies relating specifically to oxidation of molten, pure aluminium found that the presence of water 
vapour inhibits the oxidation process [69, 73, 90]. This may also be a contributing factor in the low 
amounts of oxide observed in this work, and conducting further experiments under various 
controlled atmospheres would certainly resolve this unknown. 
Although the amount of oxidation was very low, it is worth noting that the gravimetric data most 
likely overestimates the oxide mass. The oxide mass is calculated as the difference between the 
mass of skims and the mass of the recovered aluminium slug (Equation 4.1). Thus, any loss of 
material during the process would give an artificially low slug mass, which would then give an 
overestimate of the oxide mass. 
5.2 The effect of air temperature 
During the oxidation experiments, the molten aluminium was exposed to air at room temperature. 
The possibility was considered that the ambient air may have a cooling effect on the melt surface, 
with the lower temperature resulting in artificially low oxidation rates. To investigate this 
possibility, the temperature profile through the melt was measured via a thermocouple inserted 
vertically into the molten aluminium, which was held at a constant temperature. The measured 
temperature profiles are shown in Figure 5.5. 
At 850°C and 900°C, it was problematic to measure the temperature close to the surface, as the 
oxide became almost sticky, and the slightest disturbance of the thermocouple would build up a 
sticky mass of what was essentially dross. Nevertheless, the temperature profiles do suggest that the 
ambient air had a certain cooling effect on the melt surface. Although some scepticism is required 
in interpreting these curves, as the 750°C curve shows that within a few millimetres below the melt 
surface the temperature actually goes below the aluminium melting temperature of 660°C, which 
seems implausible. Anecdotally, a thermocouple can give an erroneous reading depending on its 
orientation to the imposed temperature gradient. As such, the absolute value of the temperatures in 
Figure 5.5 should be read with caution. 
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Figure 5.5 Temperature of the molten aluminium as a function of depth, when the furnace was set to nominal 
melt temperatures of 750, 850 or 900 °C. 
To explore the potential effect of the air temperature, an oxidation experiment was conducted with a 
lid on top of the oxidation rig. The lid was not airtight, but was expected to limit convective flow of 
the atmosphere and increase the temperature of the air above the melt surface, and thus increase the 
temperature of the melt surface. This experiment was carried out at a nominal melt temperature of 
750°C, for an exposure time of 1 hour. The lid had to be removed to take a skim from the melt 
surface, but it was considered that the few tens of seconds that the melt was exposed would have 
little effect on the oxidation compared to the 1 hour when the lid was on. The result of this 
experiment is shown in Figure 5.2, as the data point labelled “750°C (hot air).” As can be seen, 
covering the oxidation rig with a lid to increase the temperature of the atmosphere had a negligible 
effect on the mass of oxide formed. This suggests that having the melt surface exposed to ambient 
air does not cool the melt surface sufficiently enough to affect the oxidation behaviour. It also 
indicates that the air temperature itself may not be a significant parameter, as opposed to the 
nominal melt temperature. 
5.3 Summary and conclusions 
In this chapter, the results of molten aluminium oxidation experiments were presented and 
discussed. The experimental technique that was employed allowed complete removal of pre-
existing oxide from the aluminium surface, by skimming the melt. The removal of this pre-existing 
oxide eliminated a source of uncertainty that severely affects other oxidation studies in the 
99 
 
 literature. This work has validated the work of Taylor and co-workers and expanded upon it to 
provide a clear temperature dependence on oxidation. 
The oxidation data showed that very little overall oxidation occurred at temperatures of 750, 850 
and 900°C. At a melt temperature of 750°C, less than 1 g/m2 of oxide was observed to form even 
after an extended exposure time of 21 h. Similarly, less than 4 g/m2 of oxide formed at 900°C after 
an exposure time of 10 h. These amounts are significantly lower than what has typically been 
reported in the literature. This result is attributed to the removal of the pre-existing oxide from the 
molten aluminium prior to each oxidation experiment, which has been widely acknowledged in the 
literature to increase subsequent oxidation behaviour. These results have also demonstrated that 
exposure of molten aluminium to ambient air, even for extended periods, is not a sufficient 
precondition to account for the significant oxidation and dross formation that occurs in an industrial 
setting. 
While the oxidation rate increased with increasing temperature, at each temperature, the oxidation 
rate decreased continuously over time. This implies that the overall oxidation reaction is controlled 
by diffusion through the growing oxide film. This has obvious relevance for developing a kinetic 
oxidation model, and will be discussed in Chapter 7 
The oxidation curves show a monotonic decrease in oxidation rate, with no discontinuities or 
increases in the oxidation rate at any stage. This suggests that it is unlikely that any phase 
transformations occurred during oxidation, as such a phase transformation would typically alter the 
observed oxidation behaviour. From this it is expected that microstructural characterisation of the 
oxide film will reveal the presence of only a single phase. 
While the oxidation data discussed in this chapter is a first step in understanding molten aluminium 
oxidation, an appreciation of the oxide microstructure will give further insight into the oxidation 
mechanisms and enable a more rigorous interpretation of the oxidation curves. Microstructural 
characterisation of grown oxide films will be discussed presently, in Chapter 6. 
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 6 Microstructural characterisation of oxide films 
In the preceding chapter, the oxidation of molten aluminium was investigated by the quantitative 
analysis of mass change data. While this data is useful in and of itself, an understanding of the oxide 
film microstructure is necessary to interpret the quantitative analyses, so as to develop a complete 
model of oxidation behaviour on oxide free surfaces. To that end, this chapter will provide a 
qualitative analysis of oxide film microstructures as they evolve during the oxidation process. 
Section 6.1 will describe the features of the oxide surface morphology, studied using scanning 
electron microscopy, to give a general picture of the oxide structure. The discussion will be 
expanded in section 6.2 to incorporate data on the oxide microstructure, analysed using 
transmission electron microscopy and electron diffraction. Sections 6.3 will provide further insight 
into the oxide structure with the addition of analyses of cross-sectioned specimens, and relate the 
observed oxide thickness to the mass change data presented in Chapter 5. Section 6.4 will provide a 
short discussion of the observed crystallographic texture of the oxide films, that has been touched 
upon in various parts of the analyses in the preceding sections. These various aspects of the 
discussion will all be brought to give an overall microstructural characterisation of the oxide films 
in section 6.5. 
6.1 Oxide film morphology 
The oxide film sampling technique, as discussed in section 4.3.1, was quite disruptive to the melt 
surface, which led to deformation of the specimens during sampling. This introduced wrinkles and 
tears into the oxide film surface, which were readily observed in a SEM. The secondary electron 
micrographs in Figure 6.1 show typical morphologies of oxide film specimens formed on molten 
aluminium. Oxide films formed under varied conditions were characterised by the presence of 
wrinkles, cracks and tears (Figure 6.1(a)), and in some cases, cavities beneath the metal/oxide 
interface (Figure 6.1(b)). 
While the presence of the wrinkles and cracks follows logically from the deformation during 
sampling and solidification, the reason for the presence of the cavities is not so obvious. It was 
initially considered that the blisters may have formed from gas precipitating out of the melt on 
solidification, analogous to the formation of gas porosity during shape casting. Blackburn [49], for 
example, showed that hydrogen blisters can form in the metal when exposed to water vapour. Given 
that the oxidation experiments in this work were conducted in an ambient (i.e. humid) atmosphere, 
this seems plausible. An alternative explanation is that the cavities may have formed by 
precipitation of lattice vacancies upon cooling of the solidified aluminium melt during sampling 
(see, for example [24, 128]). The equilibrium concentration of vacancies in the metal decreases on 
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 cooling, and so above some critical cooling rate the metal can become supersaturated with 
vacancies. While vacancy annihilation can occur at sinks such as grain boundaries and free surfaces, 
vacancy annihilation at the upper metal surface is limited due to the presence of the oxide film, so 
vacancies can precipitate out as a cavities at the metal/oxide interface. Given the very high cooling 
rates achieved during sampling in this work (due do the specimens being only a few hundred 
micrometres thick) this mechanism seems plausible. 
  
Figure 6.1 Secondary electron micrographs showing typical surface morphology of (a) on initial oxide film 
formed at 750°C and (b) oxide film formed at 850°C after 1h. The oxide films were characterised by 
wrinkles, tears and cavities. 
Regardless of the formation mechanism of these features, they are characteristic of the sampling 
technique, rather than being an inherent quality of the oxide film itself. However, these damaged 
regions of the specimen made it possible to readily observe the oxide film where it had become 
separated from the aluminium “substrate”, as discussed in section 4.3.1.  Figure 6.2, for example, 
shows representative secondary electron micrographs of oxide films formed at 750°C, after 
exposure times of 60s, 10 min, 1h, and 4h, as well as the initial oxide27F28. The images show a plan 
view of the oxide film, that is from a direction approximately normal to the oxide film. In each case 
the images show a fractured region of oxide above a cavity or crack in the metal substrate. 
28 For the “initial oxide”, the exposure time is effectively the time it took to take the sample from the melt, which was a 
few seconds. Strictly speaking it is not the “initial” oxide, as the oxidation process begins after exposure times ranging 
down to the femtosecond range, but for the purposes of this study, it represents the state of the oxide film in the earliest 
practically observable stage of formation. See Fateh et al. [129] for a succinct review and discussion of the initial-stage 
observation of aluminium oxidation. 
(a) (b) 
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Figure 6.2 SEM micrographs showing direct observation of the surface of oxide films formed at 750°C after 
various exposure times in ambient air. (a) The oxide film formed in the first few seconds of 
exposure. Oxide films formed after exposure times of (b) 60s, (c) 10 min, (d) 1h and (e) 4h. The 
circled region in (a) shows a region of oxide free from the underlying aluminium “substrate”. All 
images are at the same magnification. 
The oxide films presented in Figure 6.2 are all quite similar over the range of exposure times 
investigated. The image of the initial oxide (Figure 6.2(a)) differs from the others in that it is 
dominated by light regions that appear to be metallic aluminium “substrate”. However, when the 
(c) 
(d) (e) 
10 min 
1h 4h 
(a) Initial oxide 
(b) 1 min 
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 oxide film is observed free from any underlying aluminium (circled region), the oxide is seen to be 
similar to those formed after longer exposure times. 
While the oxide films are continuous, notwithstanding the damaged regions of the specimens, they 
are not homogeneous. Specifically, for all of the exposure times investigated, the oxide films are 
characterised by the presence of extremely small polyhedral features. The high magnification 
images in Figure 6.3 show these polyhedra more clearly. The small scale of the polyhedra approach 
the limit of the SEM technique: they appear to be of the order of tens on nanometres in size, with 
the largest approaching perhaps 100 nm in size. Importantly, these images show quite clearly that 
these features have well-defined edges and thus appear to be crystalline. Furthermore, these 
crystalline features are observed to be present on the initial oxide, indicating that the first oxide 
formed on molten aluminium is not amorphous, or at least not completely amorphous 
  
Figure 6.3 Secondary electron micrographs showing the polyhedra observed in oxide films formed at 750°C 
after exposure times of (a) 60s and (b) 10 minutes. 
In terms of understanding the oxide growth mechanism, it would be useful to know where the 
polyhedral features are located: within the oxide film itself, or at the oxide surfaces, i.e. the 
metal/oxide interface or the oxide/air interface. Unfortunately, from the observation of plan-view 
specimens using scanning electron microscopy, such as those presented thus far, it is unclear where 
the polyhedral features are located, and a slight digression from the discussion is useful here to 
elaborate on why this is so. 
While secondary electron imaging is considered a surface analysis technique, the oxide films were 
found to be so thin that the electron beam penetrated through into the substrate. Typically, the 
interaction volume of an electron beam with a specimen in a SEM is expected to penetrate to a 
(a) (b) 
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 depth of something in the order of ~1µm28F29. Thus, observations of surface morphology of films 
thinner than this value are made more difficult due to the electron signal coming from through the 
entire specimen thickness, rather than just the specimen surface. Figure 6.4 illustrates this vividly. It 
shows a secondary electron image of two flakes of oxide film that had become detached from the 
specimen and piled one on top of the other. The electron beam has penetrated the upper film so that 
the lower film can be observed through it, and features of the substrate can even be observed 
through the thickness of the two oxide flakes. This indicates that the oxide film thickness is less 
than the penetration depth of the electron beam, i.e. the oxide films are significantly thinner than 
~1µm and so are more appropriately described on the scale of nanometres29F30. 
 
Figure 6.4 Secondary electron micrograph showing two fractured flakes of oxide film that have detached from 
the specimen and piled one on top of the other. The oxide films are so thin that they are partially 
electron transparent, and the lower oxide flake can be observed through the upper one. The oxide 
observed here was formed at 900°C for an exposure time of 60s. 
So, back to the discussion at hand: it is so far unclear whether the polyhedral features are located 
within the oxide film and/or at an interface. Further study of damaged regions of oxide suggested a 
solution. Where the oxide film over a cavity had fractured, it was possible for the oxide film to fold 
back completely over itself30F31. The secondary electron micrographs shown in Figure 6.5, for 
29 Depending on the specifics of the specimen and the electron beam parameters. 
30 In Section 6.3 below, transmission electron micrographs of cross-sectioned specimens are presented where the oxide 
film thickness can be observed directly, verifying that this observation is correct and the oxide films are indeed much 
thinner than 1 µm. The oxide films grown at 750°C, such as those shown in Figure 6.2 and Figure 6.3 above, are shown 
to range in thickness from ~10-50 nm, depending on the exposure time. 
31 From this observation it is clear that while the oxide film is brittle, it is still capable of undergoing a significant 
amount of strain before fracturing. 
105 
 
                                                 
 example, show a fractured oxide film that was initially covering a cavity in the aluminium 
“substrate”. The film was formed on a melt at 750°C with an exposure time of 60s. The remnants of 
the oxide film remaining around the rim of the cavity have in some places folded over to expose the 
bottom surface of the film, i.e. the metal/oxide interface, Figure 6.5(a). Examination of the edge of 
the film where it has curled over shows the morphology of the metal/oxide interface, indicated by 
the arrows in Figure 6.5(b), and shows that this interface appears to be irregular and rough. 
Observing the film edge where it has curled up to show the oxide/air interface, indicated by the 
arrows in Figure 6.5(c) and (d), suggest that this interface is comparatively smooth. These 
observations suggest that the polyhedral features are present on the metal/oxide interface, and 
protrude from the surface into the molten aluminium on which it formed. 
  
  
Figure 6.5 Secondary electron micrographs of an oxide film grown at 750°C for 60s. A ruptured cavity (a) in 
the specimen has exposed folds of the oxide film, revealing the metal/oxide interface on the 
underside of the film. Higher magnification images of the curled edges of the film reveal 
morphological detail of (b) the metal/oxide interface and (c, d) the oxide/air interface. 
So, now that we have some idea of where the polyhedral features are located, the question moves on 
to the nature of these polyhedra. What, precisely, are they? While it seems intuitive to accept that 
(a) (b) 
(c) (d) 
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 they are crystals of aluminium oxide, the possibility needs to be considered that the polyhedra are 
some other phase, such as an intermetallic precipitate an oxide of some impurity element. 
As described in section 4.1, high purity aluminium ingot was used for the oxidation studies, with a 
purity ≥99.96% Al. The major contaminants, iron and silicon, together comprise 0.034 wt% of the 
aluminium melt, and the other contaminants are present in essentially negligible amounts (see Table 
4.1). It is highly unlikely that there is a sufficient amount of impurity elements to form the large 
amount of polyhedral particles that are observed on the metal/oxide interface, whether in the form 
of an impurity oxide or an intermetallic precipitate. Furthermore, intermetallic particles are 
observed elsewhere in the aluminium “substrate” and, significantly, these particles present a very 
different morphology and grain size compared to the polyhedral features. Figure 6.6 shows typical 
intermetallic particles with dendritic morphology that are readily observed in the aluminium 
“substrate”, beneath a fractured oxide film31F32. Given the high purity of the aluminium ingot used, it 
seems unlikely that there would be two such radically different intermetallic phases present. These 
observations suggest that the polyhedral features are not related to the impurities in the aluminium 
melt, and so are likely to be aluminium oxide. 
 
Figure 6.6 Secondary electron micrograph of oxide film grown on molten aluminium at 750°C for 10 min. The 
oxide film has fractured into discrete pieces while the underlying aluminium “substrate” has 
plastically deformed. Dendritic intermetallic particles are visible in the aluminium “substrate”. 
32 The specimen has undergone plastic deformation during sampling and handling, so the brittle oxide film has fractured 
into several pieces while the underlying solidified aluminium “substrate” has plastically deformed, and is visible as the 
darker regions between the separated oxide pieces. 
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 The oxide films discussed so far were formed on aluminium melts at 750°C. Oxidation at higher 
temperatures showed a marked difference in morphological evolution with increasing exposure 
time, compared to the behaviour observed at 750°C. Figure 6.7 shows secondary electron 
micrographs of oxide films formed on molten aluminium at 850°C, after various exposure times up 
to 4h. 
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Figure 6.7 Secondary electron micrographs showing the initial oxide film formed  on molten aluminium at 
850°C (a), and oxide films formed after exposure times of (b) 60s, (c) 10 min, (d) 1h and (e) 4h. All 
images are at the same magnification. 
The most noticeable observation is that with increasing exposure times (Figure 6.7(c)-(e)), the oxide 
morphology differs significantly to show an irregular, rough oxide/air interface. The oxide film 
surface is covered with flake-like or plate-like oxide particles that appear to grow outwards from the 
oxide surface. These oxide flakes increase in size with increasing exposure time, such that after a 4h 
(c) 
(d) (e) 
10 min 
1h 4h 
(a) 
(b) 1 min 
Initial oxide 
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 exposure time they are observed to be up to several hundred nanometres in size, with the largest 
perhaps up to ~200-300 nm in size along the long dimension, as shown in Figure 6.8 below. 
 
Figure 6.8 High magnification scanning electron micrograph showing the oxide flakes of an oxide film formed 
on molten aluminium at 850°C after an exposure time of 4h. The largest flakes are perhaps 200-300 
nm in size (along the long dimension). 
The oxide flakes are clearly observed after exposure times greater than 10 minutes, but it is unclear 
at what time they first form, as both the initial oxide film and the 1 minute oxide films (Figure 
6.7(a) and (b)) appear, at first glance, to be essentially featureless. However, some images taken of 
oxide films formed after 1 minute do show that there is some very fine structure in the oxide film, 
that is not readily apparent in the lower-resolution images presented here. Figure 6.9 below, for 
example, shows an image of an oxide film formed at 850°C after an exposure time of 1 minute. The 
structure in the film is evidenced by the variation in the contrast, or “graininess” in the oxide film32F33. 
This observed structure is of a scale that approaches the limit of the capability of the electron 
microscope and is non-trivial to image clearly, so it is not clear whether they correspond to the 
flake-like growths, or the polyhedral crystallites observed in films formed at the lower temperature 
of 750°C (see Figure 6.2 and Figure 6.3 above). The issue is further confounded because, as will be 
discussed in Section 6.3 below, the oxide films grown at 850°C are shown to be thicker than those 
grown at 750°C, and this may be making it more difficult to resolve such fine-scale features. 
33 After many hours spent observing oxide films, this author can state with some confidence that this “graininess” is not 
due to noise in the electron signal or compression artefacts in the digital images, but is real structure within the oxide 
film. 
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 Additional observations made using the higher-magnification transmission electron microscopy 
(presented below in Section 6.2) will shed some light on this. 
 
Figure 6.9 Scanning electron micrograph of oxide film formed on molten aluminium at 850°C for 60s. There is 
some fine structure in the oxide, evident by the variation in contrast, or “graininess” of the oxide 
film, that is approaching the practical limit of SEM capability. 
The morphology of oxide films formed on molten aluminium at 900°C showed the same 
characteristics as those grown at 850°C. Figure 6.10 shows plan view secondary electron 
micrographs of oxide films formed at 900°C. From these images, it can be seen that the initial oxide 
(Figure 6.10(a)) appears to be morphologically similar to the 850°C oxide: essentially featureless to 
the resolution limit of the electron microscope. After exposure times as short as 1 minute (Figure 
6.10(b)), the flake-like growths are present, growing outwards from the oxide surface. These 
growths continue to increase in size with increasing exposure time. At all times, the growths are 
larger than those observed in the 850°C oxide films. After an exposure time of 4h, the largest flakes 
range in size up to perhaps half a micrometre. 
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Figure 6.10 SEM micrographs showing the oxide film formed at 900°C after exposure times of (a) 0s, (b) 60s, 
(c) 10 min, (d) 1h and (e) 4h. All images are at the same magnification. 
The time for the flake-like growths to increase to a size large enough to be readily observed 
decreases with increasing temperature, from 850°C to 900°C. However, as with the 850°C oxide 
films, there is some evidence of structure in the oxide film at exposure times shorter than this. 
Figure 6.11 shows secondary electron micrographs of the initial oxide formed at 900°C. It is 
(c) 
(d) (e) 
10 min 
1h 4h 
(a) 0s 
(b) 1 min 
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 possible to observe some very small features, a few tens of nanometres in size. Again, this is 
pushing the resolution limit of the electron microscope and so it is not completely clear whether 
these features correspond to the polyhedral features observed in the 750°C oxide films, or if they 
are perhaps the initial stage of the flake-like particles. Although images like Figure 6.10(b) show 
that at least some of these features are polyhedral. 
  
Figure 6.11 Secondary electron micrographs of the initial oxide film formed on molten aluminium at 900°C. 
There are some very fine features (arrowed) that appear similar to the polyhedral features 
observed on films formed at 750°C. Note: the accelerating voltage is 5kV. 
It is clear from observing the morphology of the oxide/air interface of the 850°C and 900°C oxide 
films, that at these temperatures the growth of the oxide film is dominated by the outwards growth 
of the flake-like particles. But what of the metal/oxide interface? Does the inwards growth 
behaviour of polyhedral crystallites observed in the 750°C oxide films also occur at the higher 
temperatures? Figure 6.12(a) shows a fractured oxide film formed at 850°C for 1h: the metal/oxide 
interface appears to be smooth, compared to the irregular growths on the oxide/air interface. 
Similarly Figure 6.12(b)33F34 shows an oxide film formed at 900°C after an exposure time of 1h. 
Several pieces of fractured oxide have flipped over to expose the metal/oxide interface, which is 
revealed to be much smoother than the irregular outwards growing crystals at the oxide/air 
interface. While these observations are all consistent with outward growing oxide flakes, at the 
higher temperatures of 850°C and 900°C, it is not clear if there is a simultaneous inwards growth, as 
observed with the polyhedral features in the 750°C oxide films (Figure 6.2, Figure 6.3 and Figure 
6.5). 
34 The dark horizontal streaks through the centre of this image are the result of charging of the oxide specimen under the 
electron beam of the microscope. The specimens in this study were, as a rule, not coated with a conductive layer (of 
platinum or carbon, for example)  as is typically done for SEM examination, as it was thought that such a layer may 
obscure the very fine features being studied. 
(a) (b) 
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Figure 6.12 Scanning electron micrographs of oxide films formed on molten aluminium. (a) oxide film formed 
at  850°C after an exposure time of 1h. The oxide film has fractured and a piece of oxide has raised 
up to expose the metal/oxide interface. The metal/oxide interface (arrowed, right) is observed to be 
comparatively smoother than the rough oxide/air interface (arrowed, left). (b) oxide film formed at 
900°C after an exposure time of 1h. There are several pieces of fractured oxide film (arrowed) that 
have flipped over to expose the metal/oxide interface, revealing it to be relatively smooth compared 
to the oxide/air interface. 
It also possible to get an idea of just how thin these oxide films are, from images like that shown in 
Figure 6.12(a). It shows that oxide film formed on molten aluminium at 850°C after an exposure 
time of 1h is on the order of about 100nm thick. 
(a) 
(b) 
114 
 
 Let us just take a moment to summarise what has been revealed so far. By using scanning electron 
microscopy to study the morphological evolution of oxide films formed on molten aluminium at 
several temperatures, it is possible to observe the development of two apparently different 
morphological features and, consequently, two separate oxide growth modes. At the lowest melt 
temperature investigated (750°C), the oxide film is characterised by the presence of polyhedral 
features that form at the metal/oxide interface. These features range in size up to several hundred 
nanometres, and show a non-uniform spatial distribution. At higher melt temperatures (850°C and 
900°C), flake-like oxide particles grow outwards from the oxide/air interface, and increase in size 
with increasing exposure time and increasing temperature. There is also some evidence of the  
polyhedral features being observed in the higher temperature oxide films, although the morphology 
at these higher temperatures is dominate by the larger flake-like crystals growing out from the 
oxide/air interface. 
As this stage it is hypothesised that the polyhedral features are oxide nucleii that form at the 
metal/oxide interface are subsequently grow into the larger, flake like crystals that are readily 
observed on the films formed at higher temperatures and longer times. This would imply a single 
overall growth mode for the oxidation reaction. 
The observations presented so far in this chapter have been at the limit of what is possible to 
achieve using scanning electron microscopy. The principal reason for this is the extremely small 
nano-scale features that have characterised the oxide film morphology. The following section will 
continue the analysis of the oxide films using transmission electron microscopy, allowing the oxide 
films to be observed at a significantly higher resolution. 
6.2 Oxide film microstructure 
Observing plan-view specimens of oxide films in a transmission electron microscope revealed much 
more detail of the very fine structure of the oxide films previously observed in section 6.1 above. 
Figure 6.13 shows bright-field transmission electron micrographs of oxide film specimens formed 
on molten aluminium at 750°C after an exposure time of approximately 2 minutes. The very small 
polyhedral crystals that were so challenging to observe using SEM are clearly observable here. 
They appear non-uniformly distributed across the oxide film, and range in size up to about ~100nm. 
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Figure 6.13 Transmission electron micrographs of oxide film formed on molten aluminium at 750°C, after an 
exposure time of ~2 minutes. The polyhedral features previously observed using SEM are more 
clearly observable here, and range in size up to ~100nm. The spatial distribution of the features is 
non-uniform across the oxide film. 
Using the electron diffraction technique on the oxide films gives a pattern that is characteristic of 
the crystal structure of the oxide, and can be used to identify which form of oxide is present. Figure 
6.15 shows a typical electron diffraction pattern of the initial oxide film formed on molten 
aluminium at 750°C. For the reader wishing a thorough treatment of crystallography, diffraction 
phenomena and interpreting electron diffraction patterns see, for example, references [130-134]. 
However, for the purpose of this discussion, a simple treatment is sufficient to interpret the 
important features of diffraction patterns, and will be given presently. 
The electron diffraction pattern arises from diffraction of the incident electron beam of the electron 
microscope as it passes through the crystal planes within the specimen. Each specific set of 
crystallographic planes, denoted by the indices hkl, diffracts the incident electron beam in a specific 
direction. This produces a very specific pattern of spots, or reflections, where each spot represents a 
specific set of crystallographic planes, so the 110 reflection (spot) is produced by the set of 110 
planes of the specimen crystal etc. The position of each reflection (spot) in the diffraction pattern 
can be described by a vector, called the R-vector, Rhkl, the magnitude of which is inversely 
proportional to the interplanar spacing, dhkl, of the particular set of crystallographic planes 
represented by that spot34F35. In addition, the angle between the R-vectors of two particular reflections 
is equal to the angle between their corresponding crystal planes. The practical result of all this is 
35 The R-vector, Rhkl, of a particular set of crystallographic planes hkl, is related to the d-spacing, dhkl by the camera 
constant of the imaging system, K, where dhkl = (K × Rhkl)-1. The camera constant can be calculated from a diffraction 
pattern of a known material, such as the pattern for aluminium shown in Figure 6.14. 
(a) (b) 
200nm 200nm 
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 that by measuring the geometry of a diffraction pattern, it is possible to identify an unknown 
material by comparing this measured data to a database of known crystalline materials. 
As an example, Figure 6.14 below shows a typical electron diffraction pattern produced from the 
aluminium “substrate” of a specimen, with the electron beam aligned to the [011] zone axis. A 
bright-field transmission electron micrograph of the specimen is shown inset. The vectors of the 
reflected spots were measured from the image, and their respective d-spacings were calculated. 
These d-spacings were compared to known values for aluminium and other species expected to be 
present in the specimen (see Appendix C  for tabulated values of interplanar spacings), and so the 
pattern was able to be indexed to face-centred cubic aluminium. 
 
Figure 6.14 Typical electron diffraction pattern of the aluminium “substrate”, with the beam aligned to the 
[011] zone axis, with the major reflections labelled. Inset: corresponding bright-field image. 
Application of the same approach to a specimen of the initial oxide film formed on molten 
aluminium at 750°C resulted in an electron diffraction pattern typified by that shown in Figure 
6.1535F36. There are several important conclusions that can be immediately drawn from this pattern. 
Firstly, the fact that a pattern was produced (i.e., diffraction of the electron beam did occur) 
indicates that the oxide is crystalline. This may sound like a trivial observation, but it is a definitive 
indication that crystalline (as opposed to amorphous) oxide is present essentially immediately on 
36 The dark diagonal bar obscuring the image is a beam-stop, inserted into the electron path. It is used to prevent the 
very intense transmitted beam in the centre of the pattern from overpowering the image, and potentially damaging the 
sensitive digital camera. 
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 exposing the molten metal to ambient air. Compare this to observations in the literature of 
aluminium oxidation at lower temperatures (i.e. solid-state), where it has been reported that the first 
oxide to form is amorphous (see section 2.3). 
 
Figure 6.15 Typical electron diffraction pattern of the initial oxide film formed on molten aluminium at 750°C, 
showing the characteristic ring-type pattern of a polycrystalline material. Inset: corresponding 
bright-field image.  
Secondly, the ring-type pattern, as opposed to spot-type, indicates that the specimen is 
polycrystalline. Discrete spots are only observed when the observed area is a single crystal, such as 
in the pattern for the aluminium “substrate” in Figure 6.14 above. The ring-type pattern is 
effectively an amalgamation of patterns produced by many different crystals, of differing 
orientations, present in the viewing area. This is to be expected, given the findings presented in 
section 6.1 using SEM, that showed that the crystal size of the oxide is very small, on the order of 
tens of nanometres or less, so it is expected that the viewing area of the microscope will cover many 
individual crystals. 
Thirdly, the intensity of each ring is not uniform around it total circumference, but essentially 
broken up into more or less discrete arcs. This indicates that the individual oxide crystals are not 
randomly oriented, but show a certain amount of preference, or crystallographic texture. By way of 
contrast, a randomly oriented polycrystalline material would show complete rings of uniform 
intensity. As will be seen throughout this chapter, this crystallographic texture is consistently 
observed in electron diffraction patterns of the oxide films. 
2 nm-1 
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 Ideally a single-crystal (i.e. spot-type) diffraction pattern is required to determine the crystal 
structure of an unknown material. To address this the technique of Selected Area Electron 
Diffraction (SAED) was used, whereby a small aperture is introduced into the electron beam so that 
a smaller area of the specimen is interrogated. Figure 6.16 shows such a selected area diffraction 
pattern for the same specimen shown in Figure 6.15 above, using the smallest selected area aperture 
on the microscope. This resolved the ring-type pattern into something closer to a spot pattern, but it 
is clear that the crystal size is too small to be able to produce a single-crystal diffraction pattern. 
Despite this drawback, it is still possible to index a ring-type diffraction pattern, it just requires a 
different procedure. A simple way was to construct sets of idealised ring-type patterns, based on 
available crystallographic data of the anticipated oxides, and to  overlay these ideal patterns over the 
unknown pattern. Using this method, it was simple to index the brightest rings on the pattern with 
the most intense reflections as given by literature data. In practice, these ring-type patterns are very 
similar for the various transition aluminas (due to their similar structures), however it is easy to 
distinguish α-alumina from the transition aluminas, and it is fairly well established in the literature 
that typical oxides that form on aluminium are γ-alumina and α-alumina. Consequently, it was 
possible to index the diffraction pattern in Figure 6.15 and Figure 6.16, and so identify the initial 
oxide formed on molten aluminium at 750°C as γ-alumina. 
 
Figure 6.16 Selected area diffraction pattern of the initial oxide film formed on molten aluminium at 750°C. 
The major 311, 400 and 440 reflections are labelled. Inset: bright-field electron micrograph of the 
region. This pattern was indexed to γ-alumina. 
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 Taking electron diffraction patterns of oxides formed after longer exposure times gives similar 
results as those for the initial oxide film. This is to be expected, as the discussion in section  6.1 
showed that the oxide morphology was fairly consistent over the exposure times investigated. 
Figure 6.17, for example, shows a bright-field transmission electron micrograph of an oxide film 
formed at 750°C after an exposure time of 10 minutes, and its corresponding electron diffraction 
pattern. The diffraction pattern was indexed to γ-alumina, using the method described earlier. 
 
Figure 6.17 Bright-field transmission electron micrograph of oxide film formed on molten aluminium at 750°C 
after an exposure time of 10 minutes. Inset: corresponding electron diffraction pattern. The pattern 
was indexed to γ-alumina.  
The polyhedral features in the oxide were further observed using dark field imaging. Figure 6.18(a) 
shows a bright-field transmission electron micrograph of a polyhedral feature, with the smallest 
selected area aperture inserted into the beam to clearly show which part of the observable area the 
corresponding selected area diffraction pattern is generated from. Figure 6.18(b) shows the 
corresponding selected area diffraction pattern, which was indexed to γ-alumina. The dark field 
image in Figure 6.18(c) is of the 440 reflection from the diffraction pattern, and confirms that the 
polyhedral feature is a crystal of γ-alumina: thus the first oxide nucleii that form at the metal/oxide 
interface are γ-alumina. 
It is evident from oxide films observed so far (and in the previous section), that the γ-alumina 
crystallites that form on the metal/oxide interface do not cover the entire interface. Rather they 
appear to be more or less isolated from each other. Yet the oxide film is clearly continuous (see in 
particular Figure 6.3). It is suggested, then, that the oxide film is comprised of two phases, the γ-
alumina crystallites, and a second, continuous phase. Yet diffraction patterns of the oxide film 
indicate that the only crystalline phase present is γ-alumina. This then leads to two possibilities: the 
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 continuous phase is also γ-alumina, or it is amorphous. An amorphous second phase would explain 
why such a second phase is not readily observable in the diffraction patterns36F37. It is arguable 
whether the brighter, diffuse region near the centre of the diffraction patterns corresponds to an 
amorphous phase. 
 
  
Figure 6.18 Oxide film grown at 750°C for an exposure time of  10 min. (a) bright-field transmission electron 
micrograph, with selected area aperture showing detail of a single polyhedral feature. (b) 
corresponding selected area diffraction pattern, indexed to γ-alumina. (c) dark field image of the 
440 reflection, indicating that the polyhedral feature is γ-alumina. 
Observation of the continuous phase is confounded by the presence of coherently scattering 
domains, or order domains, within the γ-alumina crystallites, that make it impractical to determine 
whether a particular feature corresponds to the γ-alumina crystallite or the continuous phase. This is 
illustrated in Figure 6.19. A bright-field image of the oxide film, Figure 6.19(a), is presented with a 
number of dark field images taken of 440 and 311 reflections from the corresponding diffraction 
pattern37F38. The dark field images show bright regions of γ-alumina that are significantly smaller than 
37 An amorphous material will show up as a wide, diffuse band on a diffraction pattern, corresponding to variation in 
short-range order. It is arguable whether such an amorphous band appears on the diffraction patterns presented here, 
however the pattern (and hence the electron signal) is dominated by the crystalline phase, making it problematic for 
such a conclusion to be drawn with a reasonable degree of confidence. 
38 The 440 and 311 reflections (along with the 400 reflection) are the three most intense reflections for γ-Al2O3, and so 
are expected to give the clearest dark field images. 
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 the crystallites observed in the bright-field image. It is suggested that these bright regions are order 
domains within individual crystals. 
 
  
  
Figure 6.19 Oxide film formed on molten aluminium at 750°C for an exposure time of 10 minutes. (a) Bright-
field transmission electron image showing γ-alumina crystallites. (b) Corresponding electron 
diffraction pattern. (c-e) Dark field images taken of (c) 113 reflections and (d, e) 440 reflections 
indicated on the diffraction pattern. The dark field images show the order domain structure within 
the γ-alumina crystallites. 
The occurrence of order domains in transition aluminas has been reported in the literature [19]. 
Order domains, in the general sense, arise when a crystal has a lower symmetry than the lattice it is 
based on [135]. The disordered nature of the γ-alumina unit cell fits this description: the generally 
accepted model of the unit cell has 22
3
 cation vacancies distributed between the octahedral and 
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 tetrahedral interstitial positions (see Figure 2.6, and discussion in section 2.3.1). The precise 
arrangement of the vacancies over the two different interstitial sites varies [35], and so different 
regions of a crystal can differ in their respective vacancy ordering. Such order domains exhibit 
different electron scattering behaviour, since adjacent domains, though crystallographically 
coherent, are effectively two distinct crystals at different orientations. The presence of order 
domains adds to the difficulty in obtaining a spot-type diffraction pattern (as they effectively reduce 
the crystal size), and also go some way to explaining why no Kikuchi patterns were able to be 
observed in these specimens, as other workers have also reported [41]. This then limits the useful 
information that can be extracted from a diffraction pattern, as it is becomes impractical to align a 
specimen to a zone axis. 
Moving the discussion on to oxide films formed on molten aluminium at the higher temperatures of 
850°C and 900°C, the morphological study using scanning electron microscopy in the preceding 
section showed that the oxide films at these two temperatures were similar, with the exception that 
the 900°C films developed faster than the 850°C films. The following transmission electron 
observations will be shown to be consistent with this. 
Figure 6.20 shows the typical microstructure, observed using transmission electron microscopy, of 
oxide films formed on molten aluminium at 850°C, for exposure times of 10 min, 1h, and 4h. The 
microstructures revealed are consistent with the morphological study presented in the previous 
section. The progressive growth of flake-like oxide crystals can be observed. After 10 minutes 
(Figure 6.20(a)) there is some contrast in the image that reveals some structure, but it is not 
especially discernible. After 1h, (Figure 6.20(c)) flake-like features (circled) are becoming more 
evident over parts of the specimen. After 4h, (Figure 6.20(e)), flake-like crystals are clearly 
observable all over the specimen. In all cases, the only phases identified from electron diffraction 
patterns was γ-alumina, forming patterns similar to those of the 750°C films. 
The 850°C oxide films also showed the order domain structure observed in the films formed at 
750°C. Figure 6.21 shows an oxide film formed at 850°C after an exposure time of 1h. The two 
dark field images, Figure 6.21(c, d), taken from 440 and 400 reflections of the diffraction pattern, 
again illustrate the very small order domains within the γ-alumina crystallites. 
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Figure 6.20 Bright-field transmission electron micrographs of typical oxide films formed on molten aluminium 
at 850°C, and characteristic diffraction patterns. (a, b) Exposure time of 10 minutes. (c, d) 
Exposure time of 1h: the flake-like crystals (circled) are becoming evident. (e, f) Exposure time of 
4h: the flake-like crystals are readily observable. For all exposure times, the only phase observed 
was γ-alumina.  
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Figure 6.21 Oxide film formed on molten aluminium at 850°C for an exposure time of 1h. (a) Bright-field 
transmission electron micrograph. (b) corresponding diffraction pattern, indexed to γ-alumina. (c, 
d) Dark field images taken from the 440 and 400 reflections, respectively, as indicated on the 
diffraction pattern, that reveal the very small order domains within the γ-alumina crystallites. 
The observable microstructure of the films formed at 900°C were, overall, similar to those at 
850°C, as is to be expected from the morphological study in the previous section. The 900°C oxide 
films were starting to get too thick to be able to image clearly in transmission. Consequentially 
much less time was spent observing these films compared to the films formed at 750°C and 850°C. 
Figure 6.22 shows a typical microstructure of a film formed at 900°C after an exposure time of 10 
min. The electron diffraction pattern, Figure 6.22(b), of the film was indexed to γ-alumina, and 
shows crystallographic texture, as was also observed in the 750°C and 850°C films. Dark-field 
imaging (Figure 6.22(c)), revealed the same order domains within the γ-alumina crystallites that has 
been observed on the 750°C and 850°C films. 
The oxide microstructures presented in this section have shown that the polyhedral γ-alumina 
crystallites present at the metal/oxide interface, that are so characteristic of the 750°C films, are not 
readily observed in the films formed at 850°C and 900°C. This is consistent with the idea that the 
polyhedral crystallites grow into the larger flake-like crystals that characterise the films at higher 
temperatures and longer exposure times. Nevertheless, from time to time it was possible to observe 
what appear to be the polyhedral crystallites within the higher temperature films that are expected to 
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 be dominated by the presence of the larger flake-like crystallites (as was noted earlier in relation to 
Figure 6.11). Figure 6.23 shows two examples of this occurring in oxide films formed at 850°C 
after exposure times of 10 min, and 1h. 
  
 
Figure 6.22 Oxide film formed on molten aluminium at 900°C after an exposure time of 10 min. (a) Bright-field 
transmission electron micrograph. (b) Characteristic electron diffraction pattern, indexed to γ-
alumina. (c) Dark field micrograph of a 440 reflection indicated on the diffraction pattern, showing 
the order domains within the γ-alumina crystallites.  
  
Figure 6.23 Bright-field transmission electron micrographs of oxide films formed at 850°C after an exposure 
time of for (a) 10 minutes and (b) 1 h, showing how the polyhedral γ-alumina crystallites are 
occasionally observed in the higher temperature films. 
There are a number of interpretations of the presence of the polyhedral crystallites in the higher 
temperature films. A possible explanation is that they are essentially remnants of the early-stage 
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 morphology, that for some reason did not grow into the large flake-like morphology over time, as 
evidenced by the fact that they were only very occasionally observed. The other possibility, that the 
polyhedral crystallites persist through the oxidation process, would imply that the features should be 
observed more frequently than they really are. 
The transmission electron analyses discussed in this section have complemented the morphological 
description of oxide films formed on molten aluminium presented in section 6.1. Together, the two 
complementary techniques employed suggest a model of oxidation where crystallites of γ-alumina 
nucleate at the metal/oxide interface, and grow outwards towards the oxide/air interface with a 
concomitant change in the crystallite morphology from polyhedral to flake-like. In the following 
section, this model will be discussed further with the addition of analyses of cross-sectioned 
specimens that provide further insight into the nature of the oxide film. 
6.3 Oxide film thickness 
So far the microstructural characterisation of the oxide films has been conducted from analysis of 
specimens observed in plan-view. This has its limitations: most notably that it is not always clear 
where specific features are located within the oxide film. These limitations can be overcome by 
observing specimens in cross-section. 
Figure 6.24 shows bright-field transmission electron micrographs of cross-sectioned specimens of 
oxide films formed on molten aluminium at 750°C, prepared using focussed ion-beam milling , as 
described in Section 4.3.3. Each cross section can essentially be divided into three horizontal layers 
of varying thickness. The uppermost layer in each image, the darkest of the three layers, is a layer 
of gold that had been sputter-coated onto each specimen to provide a protective coating during the 
ion-milling procedure. The bottom most, and brightest, layer is the aluminium “substrate” (i.e. the 
solidified aluminium metal removed along with the oxide film during sampling from the melt). The 
middle layer is the oxide film. The oxide film interfaces are not always completely clear, such as in 
Figure 6.24(d), but for most specimens the oxide interfaces are quite sharp, make it possible to get a 
very clear appreciation of the oxide film thickness and morphology. 
It is evident from the cross-sections of 750°C oxide films in Figure 6.24 that the film thickness 
increases with increasing exposure time. The films are extremely thin, ranging from an initial 
thickness of ~10-20 nm (Figure 6.24(a)), up to ~50 nm after an exposure time of 4h (Figure 
6.24(d)). 
Figure 6.24 also shows that for all exposure times up to 4 h, the morphology of the oxide/air 
interface is comparatively smooth and relatively featureless. The metal/oxide interface, conversely, 
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 is observed to have an irregular morphology for exposure times up to at least 1 h. This morphology 
appears to correlate to the polyhedral γ-alumina crystallites observed in sections 6.1 and 6.2, and 
confirms that they are located at the metal/oxide interface. 
 
 
 
 
Figure 6.24 Bright-field transmission electron micrographs of cross-sectioned oxide film specimens formed on 
molten aluminium at 750°C. (a) Initial oxide. (b-d) Exposure times of 60s, 1h, and 4h, respectively. 
All images are at the same scale. 
There doesn’t appear to be any significant growth of the γ-alumina crystallites in the direction 
normal to the oxide film. After an exposure time of 60 s (Figure 6.24(b)), the size of the polyhedral 
crystallites is large with respect to the total oxide film thickness: the crystallites are similar in scale 
to the thickness of the oxide itself. After 1 h (Figure 6.24(c)), the (vertical) size of the crystallites 
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 comprises a smaller proportion of the total oxide thickness, while after 4 h (Figure 6.24(d)), the 
growths are difficult to observe, but appear to be of a similar scale as those on the 1 h film. So, 
while the film does increase in thickness over time, the overall growth does not appear to be 
significantly due to growth of the polyhedral crystallites, but to some outwards growth of the oxide 
film. 
The polyhedral crystallites observed in these cross-sections are limited to about ~20nm in size, in 
the direction normal to the interface. The results presented in section 6.1 and 6.2 showed that, in 
plan-view, these crystallites vary significantly in size, with the largest ranging up to ~100nm, in the 
plane of the interface. This indicates that the crystallites are not equiaxed but are planar, with the 
larger dimension parallel to the oxide film surface. It also suggests that, while the crystallites don’t 
grow significantly in the direction normal to the interface, they appear to grow parallel to the 
interface. This is consistent with a growth model where these crystallites nucleate at the metal/oxide 
interface, and then proceed to grow laterally across the interface. 
Turning our attention now to the higher temperature films, Figure 6.25 shows cross-sectioned oxide 
specimens grown on molten aluminium at 850°C. These images show a much more dramatic 
change in oxide film thickness over time than the 750°C films. The initial oxide is comparable in 
thickness to the 750°C film, in the order of ~10nm. Yet after 1h the thickness has increased to over 
100 nm, and after 4h it is in some places up to 200 nm thick. For the films formed after 1h and 4h, 
their oxide/air interface is somewhat jagged, and not smooth like at shorter growth times. This 
means the thickness varies somewhat in the thicker films compare to the thinner films, which tend 
to be more uniform. 
The metal/oxide interface appears relatively smooth over the exposure times, while the oxide/air 
interface becomes progressively more irregular with increasing exposure time. The rough oxide/air 
interface is consistent with outwards growth of the oxide, evidenced by the observation of the flake-
like crystallites discussed in the morphological study in section 6.1. In the thicker films, it is 
possible to observe some structure within the crystals that appears to be roughly aligned normal to 
the oxide film. Dark field transmission electron micrographs make this orientation much clearer, as 
shown in Figure 6.26. Figure 6.26(a) shows a bright-field transmission electron micrograph of an 
oxide film formed at 850°C after an exposure time of 4h. The dark-field micrographs are from 
various major reflections from the diffraction pattern, and clearly show the orientation of the flake-
like γ-alumina crystallites in a direction approximately normal to the plane of the film. This 
preferentially oriented growth is the likely cause of the crystallographic texture consistently 
observed in diffraction patterns. 
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Figure 6.25 Bright-field transmission electron micrographs of cross-sectioned oxide film specimens formed on 
molten aluminium at 850°C. (a) Initial oxide. (b-d) Exposure times of 60s, 1h, and 4h, respectively. 
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Figure 6.26 Oxide film formed on molten aluminium at 850°C for an exposure time of 4h. (a) Bright-field 
transmission electron micrograph. (b) Selected area electron diffraction pattern, indexed to γ-
alumina. (c-f) Dark-field transmission electron micrographs of the 400 and 440 reflections indicated 
in the diffraction pattern. The dark-field images reveal how the γ-alumina crystallites are oriented 
approximately normal to the oxide film. 
Moving on now to the cross-sections of the 900°C films (Figure 6.27) shows much the same 
structure as the 850°C films, except that the 900°C films are thicker. The initial oxide is 
approximately 20nm thick, in the same order of magnitude as the 850°C films. After only 1 min, 
however, the film is almost 100nm thick, and after 1h reaches 200nm in thickness. After 4h, the 
film achieves a thickness around 300nm, but can be exceed 400nm thick, to the tip of the largest 
flake-like γ-alumina crystallites. As was the case with the 850°C films, the 900°C films vary in 
thickness with increasing exposure time as the flake-like crystallites grow out at the oxide/air 
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 interface. Similarly with the 850°C films, there is an observable texture in the structure of the 
900°C films due to the preferential growth of the flake-like γ-alumina crystallites normal to the 
plane of the oxide film. 
 
 
 
 
Figure 6.27 Bright-field transmission electron micrographs of cross-sectioned oxide film specimens formed on 
molten aluminium at 900°C. (a) Initial oxide. (b-d) Exposure times of 60s, 1h, and 4h, respectively.  
As a slight aside, it was typically not practical to obtain an electron diffraction pattern of the oxides 
in cross-section, as the film thickness was typically less than the diameter of the selected are 
apertures used for electron diffraction. In such cases, the diffraction pattern become dominated by 
diffraction from the aluminium “substrate” and/or the gold coating. For films that were thick 
enough to obtain a pattern that only included the oxide film, such as that shown in Figure 6.26, the 
patterns typically were from many crystals and gave a convoluted pattern that is difficult to resolve. 
However, on a very few occasions38F39 it was possible to obtain a diffraction pattern that was 
39 Specifically, one single occasion during the many, many hours spent sitting alone in a dark room staring into the 
viewing window of a TEM. 
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 dominated by a single crystal. Figure 6.28 shows such a diffraction pattern of a 900°C oxide at an 
exposure time of 4h. The diffraction pattern is quite clear, and can be indexed to γ-alumina. So, for 
all the times investigated, the only oxide phase observed was γ-alumina. 
 
 
Figure 6.28 Cross-sectioned oxide film formed on molten aluminium at 900°C for an exposure time of 4h. (a) 
Bright-field transmission electron micrograph, with the area of the selected area aperture circled. 
(b) Selected area electron diffraction pattern, taken from the circled region in (a). The diffraction 
pattern is dominated by a single crystal, and is indexed to γ-alumina. 
But going back to the discussion of oxide thickness, the oxide thickness changes over time are 
plotted in graphical form in Figure 6.29. These measurements are approximate, measured directly 
from transmission electron micrographs of the small number of cross-sectioned specimens, so there 
is necessarily some uncertainty in the measurements. As discussed above, the films are not always 
uniform in thickness, due to the outwards growth of the flake-like γ-alumina crystallites. This is 
particularly evident at higher temperatures and longer exposure times, and so the data is presented 
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 as an approximate range of values. The data seem to show similar behaviour as the measured oxide 
mass changes presented and discussed in Chapter 5. At 750°C, the thickness changes quite slowly 
and there is little change overall. At the higher temperatures, the thickness increases at a faster rate, 
and there is a larger variation in thickness due to the outwards growing flake-like γ-alumina 
crystallites. 
 
Figure 6.29 Approximate thickness of oxide films grown at molten aluminium at 750, 850 and 900°C, measured 
from transmission electron micrographs of cross-sectioned specimens. The oxide films are not 
always uniform in thickness, especially at higher temperature and longer exposure times, and so 
are displayed as a range of approximate values. 
6.4 Oxide film texture 
In the results presented in the preceding sections, crystallographic texture has been observed in the 
oxide films formed on molten aluminium. This has been demonstrated by the non-uniform ring-type 
electron diffraction patterns, and the preferred crystal orientation has been observed directly using 
electron microscopy. Crucially, the texture was apparent in all of the oxide films observed: from the 
initial oxide formed at 750°C to the 4h films formed at 900°C. An attempt was made to gain a better 
understanding of the oxide film texture, using a technique called Transmission Kikuchi Diffraction 
(TKD) to map the crystal orientation throughout the oxide film. The technique is relatively new and 
had been developed to improve upon the spatial resolution limit of conventional Electron Back-
Scatter Diffraction (EBSD) (see, for example references [136, 137] for a discussion of the 
technique). Unfortunately the crystal size of the oxide films was too small for clear Kikuchi patterns 
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 to form, and the technique was abandoned. This drawback notwithstanding, some remarks about the 
texture can be made. 
Most polycrystalline materials are not completely randomly oriented, but exhibit some degree of 
preferred orientation [138]. This is to be expected when a thin film grows coherently on a 
crystalline substrate, with the orientation of the substrate potentially affecting the growth direction 
of the film, and establishing an orientation relationship between the two phases (see, for example 
[65]. However, the oxide films in this work were grown on a liquid substrate, so it is implausible for 
the texture of the films to be due to structure in the substrate, as it has no order39F40. 
Texture has also been observed as an inherent feature of some transition aluminas, including γ-
alumina [21]. However, this was attributed to ordering during the calcination of hydrated aluminas, 
and is not especially relevant here where the oxide was formed directly from a melt. 
It is suggested that the texture present in the oxide films in this work is due to the outwards growth 
of the flake-like crystallites. As the initial polyhedral γ-alumina crystallites grow to cover the entire 
metal/oxide interface, they will eventually begin to impinge on one another. At such a time, further 
growth along the plane of the interface is constrained by the neighbouring crystallites. 
Consequently, crystallites that are oriented (approximately) normal to the interface will be able to 
grow laterally from the interface, in a manner analogous to columnar growth of grains in a casting 
as the solidification front moves inwards from the mold wall. 
6.5 Summary and conclusions 
In this chapter, results of electron microscope observations have been presented and discussed for 
the purpose of characterising the microstructural evolution of oxide films formed on molten 
aluminium exposed to ambient air. 
There were essentially two observed modes of oxidation. The first mode was characterised by the 
presence of the polyhedral, planar, γ-alumina crystallites at the metal/oxide interface, with the long 
dimension along the interface. The size of the crystallites, in the long dimension, varied 
significantly up to about ~100 nm, while in the short dimension they were ~10-20nm. Texture was 
observed in electron diffraction patterns of these films, indicating a preferred orientation of the 
crystallites. Given the planar morphology of the polyhedral crystallites, and hence a relatively large 
surface area to volume ratio, it is likely that the large faces of the crystallites corresponded to low 
40 There are exceptions to this, however. It has been demonstrated [139, 140]  that liquid aluminium in contact with an 
alumina substrate can actually have some degree of ordered structure, up to several atomic distances into the melt. 
However, this order was attributed to the ordered surface of the crystalline alumina inducing the order in the liquid 
phase. 
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 energy crystal planes. This would result in an observed crystallographic texture. This nucleation and 
growth behaviour has been described in the literature on solid-state aluminium oxidation [53, 58, 
65, 96] and, to a much lesser extent, on liquid aluminium oxidation [90]. 
The second mode of oxidation was characterised by outwards growth of flake-like crystallites of γ-
alumina. The time for the onset of these flake-like crystallites to become readily observable 
decreased with increasing temperature, and the size of the crystallites increased with increasing 
exposure time and temperature. Texture was observed in this mode, attributed to the preferential 
growth of oxide crystallites oriented approximately normal to the plane of the oxide film so as to 
grow outwards without being constrained by neighbouring crystallites. 
At 750°C, the first mode was dominant, with very little outwards growth observed over the 
exposure times investigated. The oxide growth rate was very slow in this mode, in agreement with 
the mass change data discussed in Chapter 5, and the polyhedral crystallites did not show significant 
increase in thickness. 
At the higher temperatures of 850°C and 900°C, the second mode dominated, although there were 
some observations consistent with the first mode being present to some degree. 
Taken together, this behaviour can be qualitatively described by a model in which the first mode 
describes the initial stage of oxidation, where the growth is characterised by nucleation of the 
polyhedral crystallites at the metal/oxide interface, but once the interface is covered then the second 
mode becomes active and the film begins to grow laterally from the oxide/air interface. The time 
taken for the metal/oxide interface to become covered decreases with increasing temperature, such 
that at sufficiently high temperature it is difficult to even observe the first mode occurring. 
For all exposure times investigated, the oxide was found to be continuous. Even the films formed at 
750°C, where the polyhedral γ-alumina crystallites did not cover the whole metal/oxide interface, 
the oxide film was still observed to be continuous: the γ-alumina crystallites nucleated beneath what 
is evidently a second, continuous phase. The continuous phase appeared to be present from the 
earliest exposure times of only a few seconds, so essentially forms instantaneously. Other workers 
have observed the nucleation of γ-alumina crystallites beneath a continuous amorphous oxide layer 
[31, 52, 56, 63, 65], while others [54, 72] have suggested that the γ-alumina crystallites nucleate 
from a phase transformation of the amorphous layer itself. However, it was not possible to 
determine the crystallinity of the continuous layer in this work, though it may very well be 
amorphous. 
136 
 
 This qualitative description of the oxidation of molten aluminium complements the mass change 
data presented and discussed in Chapter 5. The following chapter will use the qualitative oxidation 
description developed here to guide the development of a kinetic model based on the mass change 
data, to provide an overall conceptual oxidation model.  
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 7 Development of kinetic oxidation model 
As discussed in the literature review in Chapter 2, past studies of aluminium oxidation have 
typically been approached from one of two perspectives. They have either studied the oxidation 
kinetics, or focussed on characterising the oxide microstructure. There has been little in the way of 
combining the two perspectives to give a more complete understanding of the overall oxidation 
phenomenon. This chapter will discuss the development of a simple oxidation model of the 
gravimetric data discussed in Chapter 5, while being informed by the understanding of the oxide 
microstructural development discussed in Chapter 6. The goal of the model is to improve upon the 
temperature-independent model developed by Taylor et al. (Equation 2.16), by using the improved 
gravimetric data set generated in the present work. 
7.1 Modelling methodology 
The first step in developing a kinetic model of the oxidation process is to determine the appropriate 
rate law. As was discussed in section 2.4.1, rate laws are derived from physically meaningful and  
measurable parameters, and indicate certain things about the underlying mechanism involved. The 
linear rate law, for example, implies that the rate controlling step is a reaction at the oxide interface: 
chemical reaction, adsorption, defect creation etc; the parabolic rate law implies that the rate 
controlling step is thermally activated mass transport through the growing film; the logarithmic rate 
law implies that the rate controlling step is mass transport due to the potential difference across the 
film; and so on. 
Ideally, with appropriate experimental design, it is possible to fit a rate law to the data and thus 
determine the physical mechanism involved. This becomes problematic if a number of different 
laws may be fitted to a particular data set, or the data cannot be effectively described by a single 
rate law. In this work, the experimental technique was unfortunately not ideally suited for kinetic 
analysis: the experimental setup was designed to enable skimming of the molten metal to eliminate 
the problem of pre-existing oxide. One requirement of this technique was that the oxidation 
experiments needed to be conducted in ambient air (i.e., an open system). That meant that the 
atmosphere could not be controlled or varied, and this puts a limitation on the extent of kinetic 
analysis possible. Despite this limitation, the gravimetric data provides information into the 
physical processes underlying oxidation, and microstructural characterisation has provided further 
valuable insight. Taken together, these two bodies of knowledge can be used to describe a simple 
oxidation model. 
138 
 
 7.2 Determination of rate law 
The gravimetric data discussed in Chapter 5 shows some characteristics that suggest certain 
physical processes in play. While the amount of oxide was found to increase continuously over time 
(Figure 5.1), the rate at which this oxide formed continuously decreased. The oxidation reaction 
occurred in an open system, which meant that the concentration of reactants, oxygen and 
aluminium, were effectively constant40F41. This implies that the oxidation reaction was not controlled 
by any interfacial reactions. Additionally, the reaction rate increased with increasing temperature, 
and so is thermally activated. The microstructural analysis also reveals some useful information. 
Two oxide growth modes were observed: nucleation of polyhedral γ-alumina at the metal/oxide 
interface, and outwards growth of flake-like γ-alumina crystallites from the oxide/air interface. The 
overall growth was dominated by the outwards growth, however. All of this taken together, 
suggests that the oxide film growth is controlled by mass transport through the oxide film, and the 
fact that the film grew outwards suggests that the growth is limited by diffusion of oxygen ions. 
While the overall growth is attributable to the outwards growth of the flake-like γ-alumina, the 
microstructural analysis in Chapter 6 revealed that there was an initial growth mode of the 
polyhedral crystallites at the metal/oxide interface, and there was some evidence of a continuous 
layer of (possibly amorphous) oxide as well. A complete oxidation model would need to take these 
growth modes into account, by combining several different rate laws into the one model. However 
that would require determining the relative contributions of each mode to the overall oxidation, a 
goal which is not practical to achieve in the present work. Further work is necessary to answer these 
questions and to improve the model. 
It is worth reminding the reader here that one of the goals of this work was to develop a oxidation 
algorithms suitable for incorporation into computational models of melt handling operations (see 
section 2.4.5). Given the above considerations, and in the interest of parsimony, it is a justifiable 
compromise to model the oxidation behaviour with a single, parabolic rate law, while freely 
acknowledging the limitations of such a model. In the words of statistician George Box: 
“Essentially, all models are wrong, but some are useful” [141]. It is humbly proposed that this 
trade-off between rigour and functionality does result in a model that is indeed useful. 
41 Strictly speaking, the amount of aluminium did decrease, however the mass of aluminium (~6kg) was several orders 
of magnitude greater than the mass of oxide that formed during a single exposure (~8-190 mg, see Figure 4.6) and so 
the aluminium concentration can assumed to be constant. 
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 7.3 Calculation of parabolic rate constant 
The next step in the model development is to determine the rate constant for the overall oxidation 
reaction. As discussed earlier in section 2.4.1.1, the simplest form of the parabolic rate law is given 
by: 
𝑥𝑥2 = 𝑘𝑘𝑝𝑝𝑚𝑚 Equation 7.1 
 
where x is the mass of oxide per unit area, kp is the parabolic rate constant and t is the exposure 
time. The parabolic rate constant can be determined by fitting a parabolic rate law to the 
experimentally determined data. From Equation 7.1, it can be seen that plotting the square of the 
oxide mass per area, x2, versus the exposure time t, will give a linear curve with a gradient equal to 
the parabolic rate constant, kp. This type of plot is called a parabolic plot. The parabolic plots of the 
gravimetric data are given in Figure 7.1. 
 
Figure 7.1 Parabolic plots of molten aluminium oxidation  at 750, 850 and 900°C, exposed to ambient air. 
Inset: detail of the curves at short exposure times. The parabolic rate constant of each curve is 
equal to its gradient. 
What is notable about the parabolic plots in Figure 7.1 is that they do not pass through the origin. 
Thus a modification needs to made to Equation 7.1 to change it to the form: 
𝑥𝑥2 = 𝑘𝑘𝑝𝑝𝑚𝑚 + 𝐶𝐶 Equation 7.2 
 
where the variable C is a constant. This is a limitation of the model, to be sure, and may be 
attributed to the issues discussed above. However, it is likely to be at least partly attributable to the 
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 linear least squares regression algorithm which, because the data set spans several orders of 
magnitude over the time scale, may bias the curve-fitting towards the higher time-scale data points. 
The values of  kp and C for each temperature, given by the curves in Figure 7.1, are shown in Table 
7.1, along with the coefficient of determination. The coefficients of determination for the 750°C and 
900°C curves indicate a good fit of the linear equation, with values of 0.997 and 0.993 respectively. 
The linear curve does not fit the 850°C date quite so well, however, with an R2 value of 0.972. 
Table 7.1 Parabolic rate constants for oxide films grown on molten commercial purity aluminium exposed to 
ambient air. 
Nominal melt 
temperature (°C) 
Parabolic rate 
constant, kp (g2/m4.s) 
Constant, C (g2/m4.s) Coefficient of 
determination, R2 
750 9.07×10-6 0.032 0.997 
850 65.4×10-6 0.302 0.972 
900 364×10-6 0.209 0.993 
 
If the parabolic rate law described by Equation 7.2 is rearranged to take the form: 
𝑥𝑥 = �𝑘𝑘𝑝𝑝𝑚𝑚 + 𝐶𝐶�12 Equation 7.3 
 
then the temperature dependent constants given in Table 7.1 can be used with Equation 7.3 and 
plotted against the gravimetric data given in Chapter 5, as shown in Figure 7.2. 
It is apparent from Figure 7.2 that the parabolic rate law describes oxidation behaviour reasonably 
well at 750 and 900°C, however, there is some overlap of the 850 and 900°C data, as was discussed 
in section 5.1. Again it is suggested that further experimental data would improve the reliability of 
this data and improve the accuracy of the model. 
The kinetic analysis can be advanced further by determining the activation energy of the overall 
oxidation process, and using this to gain insight into and verify (or otherwise) the rate-controlling 
step. 
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Figure 7.2 Parabolic rate law curves fitted to gravimetric data of molten aluminium oxidation at 750, 850 and 
900°C exposed to ambient air. 
7.4 Calculation of activation energy 
For a given rate law, the activation energy associated with the particular reaction can be calculated 
from the rate constant. The rate constant, k, is proportional to the activation energy, E, of the rate 
controlling step according to an Arrhenius type equation of the form: 
𝑘𝑘 = 𝐴𝐴. 𝑚𝑚− 𝐸𝐸𝑅𝑅𝑇𝑇 Equation 7.4 
where A is a proportionality constant, and R is the universal gas constant (8.314 J.mol-1.K-1), and T 
is the absolute temperature. 
Taking the natural log of both sides of Equation 7.4 gives: 
ln 𝑘𝑘 = �−𝐸𝐸
𝑅𝑅
� . 1
𝑇𝑇
+ ln𝐴𝐴 Equation 7.5 
From this it can be seen that plotting the natural logarithm of k versus the reciprocal of the absolute 
temperature, T-1, at various temperatures will give a straight line with a gradient equal to �− 𝐸𝐸
𝑅𝑅
�, and 
an intercept equal to ln A. From the gradient of the line, the value of the activation energy, E, can be 
determined. 
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 Figure 7.3 shows such an Arrhenius plot of the parabolic rate law data given in Table 7.1. From the 
Arrhenius plot, the gradient of the curve was found to be -28351. Dividing this by the universal gas 
constant gives an activation energy of 236 kJ/mol. 
 
Figure 7.3 Kinetic plot showing the natural log of the parabolic rate constant versus the reciprocal 
temperature for oxidation of molten aluminium. The activation energy of the oxidation reaction can 
be calculated from the gradient of the curve. 
The activation energy can provide information about the particular mechanism it corresponds to. If 
the overall oxidation reaction were controlled by lattice diffusion of aluminium ions though the 
oxide, for example, then the activation energy can be related to the aluminium diffusion coefficient. 
Thus, by correlating the calculated activation energy to reported values of various mechanisms, the 
rate-limiting mechanism can be verified. Reported activation energies of various mechanisms are 
given in Table 7.2. 
A survey of reported values in the literature shows that the information pertains almost exclusively 
to solid-state oxidation, or to α-alumina. There is, unfortunately, no information available on the 
diffusion behaviour of γ-alumina, and almost none on molten aluminium oxidation. A notable 
exception is the work of Radin [91, 92, 142], who calculated an activation energy of 284 kJ/mol for 
aluminium oxidation in the range 640-1000°C, comparable to the value of 236 kJ/mol calculated in 
the present work. 
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 Comparing the calculated activation energy with reported values shows that it is in the same 
approximate range, but to correctly interpret the activation energy requires a deeper understanding 
of the nature of γ-alumina. For example, assuming the activation energy does relate to a diffusive 
process, the diffusing species can be aluminium ions, oxygen ions, electrons, cation vacancies, or 
anion vacancies. A deeper understanding of the defect structure of γ-alumina is required. In recent 
years there have been some impressive contributions towards understanding the structure of γ-
alumina [32, 33, 40-44, 54, 143, 144], but it is still an unresolved problem. 
Table 7.2 Reported activation energies of possible reaction mechanisms involved in aluminium oxidation. 
Activation 
energy (kJ/mol) 
Mechanism Reference 
879 oxygen adsorption on aluminium at 23°C Lawless 1974 [96] 
95 parabolic Al oxidation at 350-450°C Gulbranson 1947 [84] 
226 parabolic Al oxidation (amorphous) in dry 
oxygen at 76 Torr, from 450-575°C 
Beck 1967 [52] 
284 Al oxidation at 640-1000°C Radin 1974 [91] 
477 Al diffusion in polycrystalline Al2O3, 1670-
1905°C 
Paladino 1962 [145] 
238-636 oxygen diffusion in single-crystal Al2O3 at 1200-
1780°C 
Oishi 1960 [146] 
460 oxygen diffusion in polycrystalline α-Al2O3, 
>1450°C 
Oishi 1960 [146] 
135 γ- to α-alumina transformation at 960°C. 
amorphous alumina deposited on crystalline alpha 
and annealed at 960°C 
White 1988 [147] 
196 γ- to α-alumina transformation Simpson 1998 [148] 
 
A truly robust kinetic model would need to take into account the morphology of the growing oxide 
film. The Wagner parabolic scaling theory is derived from the assumption of a flat, uniformly thick 
oxide film, whereas the oxide morphology observed in the present work became progressively more 
irregular, with elongated flake-like crystallites projecting from the oxide/air interface. Distinction 
would also need to be made between the effects of lattice diffusion and grain boundary diffusion. 
This is especially relevant for the present work, as the observed nano-sized crystallites have a 
correspondingly large grain boundary area, and may then have a significant contribution to the 
overall diffusion behaviour. And as the crystallites grow over time, the grain boundary area might 
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 be expected to decrease. All of these considerations require further work to acquire the 
understanding necessary to properly incorporate these into a robust oxidation model. 
Given the limitations of the experimental technique, and the lack of critical information relating to 
γ-alumina, this is about as far as the kinetic analysis can go. Nevertheless, the simple model 
described here is an incremental improvement on the Taylor model (Equation 2.16), and should 
prove to be useful for the purposes of studying melt handling processes via computational 
modelling of oxidation behaviour, as was the objective of this exercise. 
7.5 Summary and conclusions 
In this chapter, a simple kinetic model was developed to describe the oxidation behaviour of molten 
aluminium. The evidence from gravimetric and microstructural analyses of grown oxide films 
indicated that a parabolic rate law was appropriate to base the model on. Despite some limitations 
of the underlying data, the parabolic rate law fit the data reasonably well, although further 
experimental data is necessary to improve the accuracy of the model. The oxidation curves at 750, 
850 and 900°C were described by algorithms of the form, 𝑥𝑥 = �𝑘𝑘𝑝𝑝𝑚𝑚 + 𝐶𝐶�12 , where x is the mass of 
oxide per unit area, kp is the parabolic rate constant, t is the exposure time, and C is a temperature 
dependent constant. 
The activation energy for the overall oxidation reaction was calculated to be 236 kJ/mol, for the 
temperature range 750-900°C. While this value seems to be in the same range of values for similar 
systems, it was not possible to determine exactly which reaction mechanism this activation energy 
corresponds to, however, due to a lack of available data on γ-alumina. 
The kinetic model developed in this chapter is an incremental improvement on the temperature-
independent model developed by Taylor et al., and is expected to prove useful for the purposes of 
incorporation into computation modelling of melt handling processes. This model is, however, 
essentially a phenomenological model, and the development of a robust, mechanistic model will 
require a deeper understanding of the oxide growth mechanism, and more critical data relating to γ-
alumina.  
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 8 Implications for dross formation 
Over the course of the previous three chapters, the process of molten aluminium oxidation has been 
analysed from different perspectives. It is the aim of this chapter to bring these different 
perspectives together and relate them back to the original research question of dross formation. 
8.1 The effect of seeding 
The present work has demonstrated that, when molten aluminium is exposed to humid, ambient air, 
the amount of oxide that forms is essentially negligible. In addition, the amount of oxidation 
observed in the present work was lower than has typically been reported by other workers. The 
question that flows naturally from this observation is, why? 
It is widely acknowledged in the literature that the presence and form of pre-existing oxide on 
aluminium specimens affects the final oxidation behaviour, typically by increasing the overall 
oxidation (section 2.4.3). Oxide generated during heating of an aluminium specimen to the test 
temperature can also contribute to these erroneous oxide measurements. Impey [90] studied the 
effects of various specimen preparation regimes, and demonstrated that the nature of surface 
preparation can inhibit the protective capability of oxide formed on the molten aluminium, and thus 
lead to an increase in oxidation rate. Cochran et al. [86, 87] demonstrated a similar phenomenon by 
“seeding” aluminium-magnesium melts with magnesium oxide or magnesium aluminate, to 
significantly increase oxidation rates. From a similar perspective, Bagwell [149] demonstrated that 
seeding γ-alumina powder with α-alumina particles increased the γ- to α-alumina transformation by 
introducing low energy sites for the nucleation of the α phase. This, in turn, increases the overall 
oxidation rate. 
It is proposed then, that the unusually low oxidation of molten aluminium observed in this work is 
due to the removal of the pre-existing oxide, by skimming the melt surface prior to each oxidation 
experiment. This is, indeed, the original justification for developing this particular experimental 
technique. 
And yet, there is more to the story.  
8.2 The relative stability of aluminium oxides 
It is noteworthy that in the present work, the only species of oxide observed was γ-alumina. Yet 
literature reports frequently observe the presence of α-alumina. Granted, an incubation time is 
typically observed before the α-alumina phase transformation is observed, but nevertheless, after a 
sufficient incubation time, the presence of α-alumina is often observed. Indeed, it is this phase 
transformation that is attributed as the cause of so-called breakaway oxidation, where a rapid 
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 increase in oxidation rate is observed. The α-alumina transformation is believed to induce stresses 
and/or cracks in the growing oxide film, which then enable short-circuit diffusion of oxygen or the 
exudation of the liquid metal, which increases the oxidation rate. It is postulated that the absence of 
α-alumina in the present work is related to the observation of unusually thin oxide films. 
In the aluminium oxidation literature, it is taken as axiomatic that α-alumina is the 
thermodynamically stable form of alumina and, given sufficient time, the oxide will transform to 
this phase. Yet there is a body of research that indicates that under certain conditions, it is possible 
for both amorphous alumina and γ-alumina to be more stable than α-alumina. 
Jeurgens and co-workers [32, 33] showed that, below a certain critical thickness, amorphous oxide 
can be more thermodynamically stable than crystalline oxide. They observed that crystalline 
alumina has a lower Gibbs free energy than amorphous alumina, due to the ordered nature of the 
former and the disordered nature of the latter. But the interfacial energy of the amorphous oxide is 
lower than that of the crystalline oxide. Consequently, when an oxide film is very thin, and the ratio 
of its interfacial area to its volume becomes large, the total Gibbs free energy becomes dominated 
by the interfacial energy, and the total Gibbs free energy can be lower for the amorphous oxide. 
While the work of Jeurgens et al. was limited to aluminium oxidation in the solid-state, Men and 
Fan [150] considered the specific case of molten aluminium oxidation and came to the same 
conclusion. 
Similarly, McHale et al. [47] experimentally determined the surface energies of γ-alumina and α-
alumina to be 1.67 J/m2 and 2.64 J/m2, respectively. Given that the surface energy of γ-alumina is 
lower than that of α-alumina, then using the same rationale as Jeurgens and Men given above, it is 
possible, below a critical thickness, for γ-alumina to be more thermodynamically stable than α-
alumina. 
Combining the two ideas of seeding and the relative thermodynamic stability of different oxide 
forms suggests a plausible explanation for the unusual observations in the present work. Skimming 
the melt surface prevented the pre-existing oxide from acting as a seed for additional oxide growth, 
resulting in unusually thin oxide films. The very thin structure of the oxide films then acted to 
stabilise the γ-alumina form, relative to α-alumina, and so none of the latter was observed. 
These ideas present plausible means of explaining the present work, but how does this all relate 
back to the original question of dross formation? 
147 
 
 8.3 Dross formation in an industry setting 
The industry survey conducted by Clark and McGlade (see discussion in section 2.2) presented the 
generally accepted view that the bulk of melt loss during primary aluminium production is due to 
dross formation during furnace filling. It is generally accepted that the exposure of the flowing 
stream of metal to air, and the turbulence of the cascading flow splashing into the quiescent melt 
surface creates the dross. 
Taylor, Prakesh and co-workers [104-106, 109-111] tested this hypothesis using smoothed particle 
hydrodynamic modelling of a cascading event, and supported the model with experiments in which 
the mass of oxide formed during a cascading event was weighed directly (see discussion in section 
2.4.5). They concluded that an insufficient amount of oxide formed during the cascading event to 
account for the large amount of dross that is typically observed in an industrial furnace. And in the 
present work it was found that exposing molten aluminium to air is, in and of itself, an insufficient 
precondition for the formation of significant amounts of dross. When these two observations are 
considered together, it casts doubt over the generally accepted belief that the bulk of dross 
formation occurs as a result of pouring from crucible to furnace. 
The present work indicates that, when it comes to understanding dross formation, there are other 
factors, just as significant as the melt temperature or the exposure time, at play in an industrial 
furnace that are not taken into account in by studying only oxidation. The discussion of seeding 
above hinted at what these other factors may be. 
Dross is not simply a mixture of metal and entrained oxide film, but can contain other inclusions 
and contaminants such as fluxes, electrolytic bath41F42, particles of refractory material etc. It is 
proposed that the effects of these other constituents must necessarily be taken into consideration to 
enable a thorough understanding of dross formation. Whether they act as nucleation sites for 
undesirable oxide growth, or affect the structure and integrity of the oxide film, or by some other 
means, these constituents clearly play a significant role. Studying the oxidation process in isolation 
from these other constituents will not provide the level of understanding necessary to effectively 
address the issue of dross formation. 
These considerations suggest a clear direction for the future study of dross formation. The most 
obvious step is to conduct a thorough microstructural characterisation of real dross, as was done 
with oxide films in the present work. There are, of course, many other scientifically rich research 
42 The term “bath” refers here to solidified particles of electrolyte from the upstream electrolysis cells that have become 
unintentionally entrained in the molten aluminium and transferred to further downstream stages. 
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 directions that can be taken in the study of dross formation, that have been raised by the present 
work. These potential directions for future work are discussed in Chapter 10.  
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 9 Conclusions 
The present work has contributed to the understanding of molten aluminium oxidation and dross 
formation, and helped to resolve the uncertainties surrounding the growth of aluminium oxide films. 
issue. The main conclusions of this work are described in the following sections. 
• A gravimetric study of molten aluminium oxidation exposed to ambient air was conducted, 
at melt temperatures of 750, 850 and 900°C, for exposure times ranging up to ~21 h. 
• The experimental technique used in the present work allowed complete removal of pre-
existing oxide from the aluminium surface, by skimming the melt. The removal of this pre-
existing oxide eliminated a significant source of uncertainty in the procedure. 
• The amount of oxidation observed in the present work was significantly lower than has been 
typically reported in the literature. At a melt temperature of 750°C, less than 1 g/m2 of oxide 
was observed to form after an exposure time of 21 h, and less than 4 g/m2 of oxide formed at 
900°C after an exposure time of 10 h. 
• The unusually low amount of oxidation observed in the present work is attributed to the 
removal of the pre-existing oxide, by skimming the melt surface prior to each oxidation 
experiment. It is proposed that this prevented the pre-existing oxide from acting as a seed for 
additional oxide growth, resulting in unusually thin oxide films. The very thin structure of 
the oxide films then acted to stabilise the γ-alumina form, relative to α-alumina, and so none 
of the latter was observed. 
• The oxidation rate decreased continuously over time, while the concentration of reactants 
remained constant, indicating that the overall oxidation reaction was controlled by diffusion 
through the growing oxide film. 
• The morphology and microstructural evolution of oxide films grown on aluminium melts 
were characterised using scanning electron microscopy, transmission electron microscopy, 
and electron diffraction. 
• Two oxidation modes were observed. The first mode was characterised by the presence of 
nano-sized polyhedral, planar, γ-alumina crystallites at the metal/oxide interface. The 
second oxidation mode was characterised by outwards growth of flake-like crystallites of γ-
alumina. The time for the onset of these flake-like crystallites to become readily observable 
decreased with increasing temperature, and the size of the crystallites increased with 
increasing exposure time and temperature. The first mode describes the initial stage of 
oxidation, where the growth is characterised by nucleation of the polyhedral crystallites at 
the metal/oxide interface. Later the second mode became active and the films began to grow 
outwards at the oxide/air interface. 
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 • Crystallographic texture was observed in oxide films under all conditions. The texture is 
attributed to orientation of the (planar) polyhedral crystallites with the larger crystal face 
corresponding to low energy crystal planes, and to the preferential growth of favourably 
oriented flake-like crystallites that were constrained in the lateral direction. 
• At a melt temperature of 750°C, the first oxidation mode was dominant, with very little 
outwards growth observed over the exposure times investigated. At the higher temperatures 
of 850°C and 900°C, the second mode was dominant. 
• For all exposure times investigated, the oxide was found to be continuous, and the 
polyhedral γ-alumina crystallites nucleated beneath a second, continuous layer. The 
crystallinity of the continuous layer was not determined, though referring to other published 
literature, it is quite possibly amorphous. 
• For exposure times up to 4h, the only oxide phase identified was γ-alumina, and the absence 
of any observed breakaway oxidation suggests that there were no further phase changes 
during the exposure times investigated. 
• A simple kinetic model was developed to describe the oxidation behaviour of molten 
aluminium exposed to ambient air, using a parabolic rate law. The gravimetric oxidation 
data at 750, 850 and 900°C were described by algorithms of the form, 𝑥𝑥 = �𝑘𝑘𝑝𝑝𝑚𝑚 + 𝐶𝐶�12 , 
where x is the mass of oxide per unit area, kp is the parabolic rate constant, t is the exposure 
time, and C is a temperature dependent constant. 
• The activation energy for the overall oxidation reaction was calculated to be 236 kJ/mol, for 
the temperature range 750-900°C. It was not possible to correlate this value to a specific 
physical process due to a lack of published data for γ-alumina. 
• The kinetic model developed in this chapter is an incremental improvement on the 
temperature-independent model developed by Taylor et al., and is expected to prove useful 
for the purposes of incorporation into computation modelling of melt handling processes. 
• The present work has demonstrated that the exposure of molten aluminium to humid, 
ambient air is an insufficient precondition for the significant amounts of dross that are 
typically observed in an industrial furnace. There are clearly other significant factors in an 
industrial furnace that are not taken into account by the study of oxidation only. 
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 10 Suggestions for further work 
The present work has added to the collective body of scientific knowledge, and contributed to 
resolving some uncertainties and ambiguities in the published literature. However, it has also raised 
many useful research questions that deserve further work. As the great scientist Marie Skłodowska 
Curie observed, “One never notices what has been done; one can only see what remains to be 
done.”42F43. It is in this spirit of optimism that improvements to the present work and potential 
directions for further research are suggested below. 
10.1 Improving and extending the gravimetric data set 
The simplest improvement that could made to the results of the present work would be to conduct 
additional oxidation experiments and generate more data points. This would improve the 
experimental scatter of the results, and in turn, the resolution of data. It may also prove useful to 
extend the data set to different temperatures, both higher and lower than the current temperatures, 
and also to temperatures intermediate between the current ones. 
10.2 α-Alumina phase transformation 
The central premise of this work is that removing pre-existing oxide from the melt surface results in 
a significant reduction in oxidation. It was proposed that this was due to the effects of seeding and 
the relative thermodynamic stability of various forms of alumina, that made the γ-alumina oxide 
films stable below a certain critical thickness. It is expected, then, that after a sufficiently long 
exposure time, the oxide thickness will exceed this critical value and the α-alumina phase 
transformation should occur. This hypothesis could be tested by conducting additional oxidation 
experiments for  increasingly longer exposure times until such a transformation is observed. It 
should be possible to determine if there is any correlation between the measured oxide thickness 
and the onset of the transformation. A second way of testing the hypothesis would be to conduct 
seeding experiments directly. This may involve, for example, placing skimmed oxide back onto the 
melt surface and observing if any change in the subsequent oxidation rate occurs. 
10.3 Identification of initial oxide film structure 
While electron microscope observations showed the presence of a continuous oxide layer, it was not 
clear whether this layer was amorphous or crystalline. High-resolution transmission electron 
microscopy, of suitably prepared cross-sectioned oxide specimens, could be used to produce images 
of the oxide film at the resolution of the atomic lattice. It should be possible to directly observe the 
atomic-scale order, or disorder, of the oxide films from these images, and confirm if it is 
amorphous. 
43 In an 1894 letter to her brother Józef. 
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 10.4 Crystallographic study of γ-alumina 
A broad reading of the literature on aluminium oxides indicates that there is significant uncertainty 
in the true structure of γ-alumina. This is largely because aluminium oxides to be studied are 
typically prepared by calcination of hydrated-aluminas, and it is widely acknowledged that the 
crystal structure of the oxide is dependent on the thermal history of the precursor. In the present 
work, γ-alumina was formed directly from a melt, with no intermediary phases involved. It is 
suggested that the γ-alumina thus produced is more representative of its “true” nature. High-
resolution transmission electron microscopy could potentially be used to determine the crystal 
structure of γ-alumina, and perhaps resolve some of this uncertainty. 
10.5 Atmosphere studies 
It was an unavoidable consequence of the experimental technique used in the present work that the 
atmosphere could not be controlled, and thus, varied. Yet the literature clearly indicates that the 
nature of the reacting atmosphere has a significant effect on oxidation behaviour. This is especially 
significant for a gas-fired industrial furnace, where combustion products including carbon dioxide  
and water vapour, among others, are expected to make up a significant proportion of the atmosphere 
in contact with the melt. To study this important aspect, it would be useful to modify, or even 
completely redesign, the experimental rig so that the system was enclosed, yet still enabled the melt 
surface to be skimmed free of pre-existing oxide. This would then open up whole new directions for 
testing the effect of atmosphere while still avoiding the problems associated with pre-existing oxide. 
10.6 Study of real dross 
The present work concluded that the amount of dross that forms in an industrial furnace cannot be 
attributed only to the oxide that forms during cascading, or during isothermal holding in the 
furnace. There is a need for a study of real dross specimens taken from an industrial furnace and 
conducting a thorough microstructural characterisation, to determine what constituents are present 
in the dross. This would include identifying which form(s) of alumina are present, as well as the 
presence of other species like refractories or electrolytic bath or other contaminants from upstream 
processes.  
153 
 
 Appendix A  Development of experimental procedure 
Modification of the skimming apparatus and procedure 
Although the experimental method used in this work was developed in earlier work by Taylor and 
co-workers [104-107], several modifications have been made to the skimming apparatus, associated 
equipment, and the experimental procedure. This was done principally to enable the experimental 
work to be carried out by a single operator, but there have also been some modifications to improve 
the safety of the procedure. This was done because, ultimately, it is desired for the apparatus to run 
unattended for extended periods of time, so as to be able to take skims after 8 hours, for example, 
without requiring the operator to be present for the entire holding time. 
In the initial experimental method, the aluminium used in an experiment was melted in an induction 
furnace and then transferred to the preheated skimming apparatus. The mass of metal used in each 
experiment was relatively large, compared to the capacity of the induction furnace, so the metal had 
to be melted in two or three batches. This was very time-consuming and was subject to availability 
of the induction furnace. 
In order to avoid this unnecessarily time-consuming step, a 30 kg capacity holding furnace was 
commissioned. This was large enough to easily accommodate the aluminium ingot, and had the 
additional benefit of being programmable. This enabled the holding furnace to be charged with 
metal the day before a planned oxidation experiment, and programmed to start heating at a time 
such that the metal would be molten at the start of the following work day. 
Crucible design 
Although aluminium titanate crucibles were used for the salt extraction procedure, alternatives were 
considered, including graphite and steel. Graphite was considered due to its low wettability by 
molten aluminium, and even though graphite will react with molten aluminium to form Al4C3, the 
literature suggests that the extent of this reaction is insignificant for the very short times used in this 
work in which the molten aluminium is in contact with the graphite [151-154]. For example the 
solubility, SC, of carbon in molten aluminium after 1 hour at 660-1000°C is given by the following 
equation [152]: 
𝑆𝑆𝐶𝐶 = 2.08 × 107𝑚𝑚�−16742𝑇𝑇 � Equation 10.1 
where T is the absolute temperature and SC is given in parts per million (ppm). So, at 750°C the 
concentration is 1.62×10-6 grams of carbon per gram of aluminium, and consequently a 50 g mass 
of molten aluminium can dissolve a maximum of 8.12×10-5 g of carbon. Given the molar mass of 
Al4C3 and C are 143.96 and 12.01 g/mol respectively, it follows that 1 gram of C will form 4.00 g 
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 of Al4C3, assuming complete conversion of C to Al4C3. So, our 50 g mass of molten aluminium can 
expect to contain no more than 0.32 mg of Al4C3. This is a very small amount of carbide, and for 
even this low amount to form requires the assumption that the molten aluminium achieves carbon 
saturation and the carbon is completely converted to Al4C3, in the fifteen minutes that the molten 
aluminium is in contact with the graphite crucible. This seemed highly unlikely. 
Further consideration of possible reactions between the aluminium and the graphite crucible were 
rendered moot, however, as there were more significant problems. First, the graphite reacted readily 
with the furnace atmosphere, resulting in significant material losses from the crucible. An attempt 
was made to alleviate this problem by coating the outside surface of the crucible with boron nitride, 
and using a stainless steel lid to limit the exposure of the crucible interior to the furnace atmosphere. 
The boron nitride coating tended to slough off during the thermal treatment, and the stainless steel 
lid oxidised and spalled into the salt, thus potentially contaminating the recovered metal slug. The 
second problem was that the molten salt appeared to wet the graphite well enough that the solidified 
salt adhered to the crucible wall, making removal of the salt ingot from the crucible problematic. 
  
Figure 10.1 Graphite crucible used in early trials of the metal recovery process. The protective boron nitride 
coating (a) sloughed off, allowing the crucible to heavily oxidise. The stainless steel lid (b) heavily 
oxidised and spalled off into the melt. 
Aluminium titanate was ultimately selected as the crucible material for the metal recovery 
procedure because it is non-wetting to liquid aluminium, resistant to reaction with molten salt and 
has a high thermal shock resistance of 1000°C [155]. A supplier of aluminium titanate crucibles 
was sourced and in collaboration with them, a crucible design was developed and the required 
tooling was commissioned. It took two months from the crucible design to manufacture of the 
tooling and supply of the first crucibles. After the initial manufacture of the tooling, subsequent 
crucibles had a much shorter turnaround of two weeks. 
(a) (b) 
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 During the course of experiments, it was found the AT crucibles had a tendency to form very fine 
cracks that would, with repeated thermal cycling, coalesce and eventually cause the crucible to fail 
(Figure 10.2). This was attributed to thermal fatigue caused by the large thermal expansion 
anisotropy of the material [156]. As this is a material property it was deemed unavoidable, and the 
crucibles were then considered to be consumables. As the crucibles had a limited life, it meant that 
the experimental plan had to be optimised to minimise the number of required experiments, and the 
associated expense of purchasing crucibles. This is important as the crucibles cost $210 each and 
failure rates increased significantly after using a particular crucible about five times. 
 
Figure 10.2 The aluminium titanate crucibles had a tendency to fail through thermal fatigue. This was due to 
the large thermal expansion anisotropy that induced intergranular micro-cracks that would 
eventually coalesce into through-thickness cracks. 
Taylor et al. [104], used a double crucible method for the salt extraction procedure, where the salt 
flux and skims were melted in an alumina crucible and then transferred into a second, preheated 
steel crucible. Solidifying in a steel crucible gave a relatively high cooling rate, due to the high 
thermal conductivity of the steel (compared to using the ceramic alumina), and the chill effect of it 
being at only 250°C (while the melting crucible was at 750°C). A high cooling rate was preferred as 
it minimised the time that the aluminium was molten. This in turn minimised the possibility of the 
metal reacting with something, be it the crucible, the salt, or the atmosphere. 
However, there were three potential sources of uncertainty involved with the double crucible 
method. The first was that often there was some amount of material spilt during material transfer 
from the melting crucible to the solidification crucible, which needed to be recovered and accounted 
for. This was done by placing the preheated solidification crucible on a stainless steel tray to collect 
any material that spilt down the side of the crucible, or splashed out. There was still a small 
possibility that some material was lost outside the tray, however, and was still a source of 
uncertainty in the method. 
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 The second source of uncertainty was that during the melt transfer from the melting crucible to the 
solidification crucible, the molten aluminium was exposed to the air, which would presumably 
produce some amount of oxide. Given that the metal was only exposed for perhaps a second at 
most, it was not considered that a significant amount of oxide would form in this time but, again, it 
must be considered a source of uncertainty. 
The third source of uncertainty was the possibility of the molten aluminium reacting with the steel 
crucible to dissolve Fe into solution43F44. This was partly mitigated by the high cooling rate achieved 
by using a steel crucible minimising the time the aluminium was molten, as explained previously, 
and was not expected to be a significant source of uncertainty given the short amount of time the 
aluminium was molten. 
In order to avoid these potential sources of uncertainty, a single crucible method was used. In this 
case the salt flux and skims were melted in an aluminium titanate crucible and then solidified in the 
same crucible. The crucible was simply removed from the furnace and left to cool to room 
temperature in ambient air. This gave a slower cooling rate than the single crucible method, due to 
the lower thermal conductivity of the ceramic crucible material, compared to the steel crucible used 
in the double crucible method, and also because the titanate crucible had to cool from 750°C rather 
than from 250°C as the steel crucible did. The slower cooling rate was not deemed to be a problem, 
however, as even though that meant that the aluminium was molten for a longer period of time, and 
thus there was greater possibility of it reacting, the aluminium was under the protective salt for the 
entire solidification process. Thus, the possibility of the aluminium reacting with the air to re-
oxidise was completely eliminated. 
After some initial trials using the single crucible method, the crucibles were found to have 
significant problems with cracking. It was initially suspected that this might be due to thermal shock 
induced by removing the ceramic crucible from a 750°C furnace to ambient air. It was later 
determined not to be due to thermal shock, but due to unavoidable thermal fatigue, as discussed 
above. 
The second issue with the single crucible method was that the solidified salt ingot would stick to the 
crucible wall, making removal of the crucible contents problematic, as the salt had to be dissolved 
out with water before the metal slug could be removed. It was decided that this was far too time 
consuming and the double crucible method, using two AT crucibles, would be employed, despite 
the uncertainties described above.  
44 Dissolution of iron is the principal reason that ferrous materials cannot be used for the primary reaction vessel. 
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 Appendix B  Chemical specification of aluminium ingot 
Table 10.1 gives the compositional specification of AA196A commercial high purity aluminium 
ingot used in the oxidation studies in this work. The ingot was supplied by Rio Tinto Alcan, with 
batch number 63191. 
Table 10.1 Chemical composition of AA196 aluminium ingot, batch 63191. 
Element Concentration (wt%) 
Al 99.96 
Si 0.0165 
Fe 0.0170 
Mg 0.0003 
Mn 0.0003 
Cu 0.0001 
Ga 0.0068 
V 0.0025 
Ti 0.0019 
B 0.0001 
Ni 0.0010 
Zn 0.0008 
Ca 0.0001 
Cr 0.0004 
Na 0.0010 
Pb 0.0003 
Sn 0.0007 
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 Table 10.2 gives the compositional specification of the AA170.9 commercial purity aluminium 
ingot used in this work. The ingot was supplied by Rio Tinto Alcan, with batch number B27673. 
Table 10.2 Chemical composition of AA170.9 aluminium ingot, batch B27673. 
Element Concentration (wt%) 
Al 99.85 
Si 0.0427 
Fe 0.0932 
Cu 0.0017 
Mn 0.0015 
Mg 0.0007 
Cr 0.0019 
Sr 0.0001 
Zn 0.0014 
Ti 0.0058 
Pb 0.0000 
Sn 0.0003 
Ca 0.0001 
Na 0.0029 
V 0.0135 
Ga 0.0134 
B 0.0003 
Li 0.0000 
Be 0.0000 
Bi 0.0000 
Zr 0.0005 
Ni 0.0051 
Pb 0.0004 
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 Appendix C  Interplanar spacings of species of interest. 
The following tables present the standard interplanar spacings (d-spacings) of various species of 
interest to this work. Data is presented for various forms of aluminium oxide, and also aluminium 
metal. These data were used to index electron diffraction patterns of oxide specimens, such as those 
presented in Chapter 6. The intensities are reproduced from the relevant Powder Diffraction File. 
The highest-intensity reflections are bolded: these are the reflections most readily observed in a 
diffraction pattern. 
Aluminium 
Table 10.3 Interplanar spacings for aluminium. Data from Powder Diffraction File 00-004-0787. 
Crystallographic 
plane, hkl 
d-spacing, dhkl (nm) Intensity (%) 
111 0.2338 100 
200 0.2025 47 
220 0.1432 22 
311 0.1221 24 
222 0.1169 7 
400 0.1012 2 
331 0.0929 8 
420 0.0905 8 
422 0.0827 8 
lattice parameter, a = 0.40494 nm 
160 
 
 γ-Alumina 
Table 10.4 Interplanar spacings for γ-alumina. Data from Powder Diffraction File 00-050-0741. 
Crystallographic 
plane, hkl 
d-spacing, dhkl (nm) Intensity (%) 
111 0.4584 50 
220 0.2807 75 
311 0.2394 90 
222 0.2292 30 
400 0.1985 100 
422 0.1621 50 
511 0.1528 75 
440 0.1403 100 
444 0.1146 30 
lattice parameter, a =  0.7939 nm 
α-Alumina 
Table 10.5 Interplanar spacings for α-alumina. Data from Powder Diffraction File 00-010-0173. 
Crystallographic 
plane, hkl 
d-spacing, dhkl (nm) Intensity (%) 
012 0.3479 75 
104 0.2551 90 
110 0.2379 40 
006 0.2165 1 
113 0.2085 100 
202 0.1964 2 
024 0.1740 45 
116 0.1601 80 
211 0.1546 4 
122 0.1514 6 
lattice parameters, a =  0.4758 nm, c = 1.2991 nm 
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 Appendix D  Tabulated oxidation data 
The oxidation data presented in Figure 5.1 and Figure 5.2 are given below in tabular form for the 
purpose of further study or analysis. 
Table 10.6 Mass of oxide formed on molten aluminium at 750°C, exposed to ambient air. 
Exposure time (s) Oxide mass (g/m2) 
30 0.176 
30 0.152 
30 0.154 
60 0.191 
60 0.251 
60 0.155 
60 0.151 
120 0.182 
120 0.177 
600 0.186 
3600 0.273 
3600 0.275 
76200 0.850 
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 Table 10.7 Mass of oxide formed on molten aluminium at 850°C, exposed to ambient air. 
Exposure time (s) Oxide mass (g/m2) 
30 0.395 
30 0.405 
60 0.512 
60 0.322 
60 0.500 
120 0.371 
120 0.629 
600 0.585 
600 0.648 
3600 0.851 
3600 0.991 
28800 1.467 
51180 1.909 
 
Table 10.8 Mass of oxide formed on molten aluminium at 900°C, exposed to ambient air. 
Exposure time (s) Oxide mass (g/m2) 
30 0.431 
60 0.501 
600 0.782 
3600 1.230 
36000 3.749 
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